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ABSTRACT
Whey is a byproduct of cheese making; whey proteins are globular proteins which can
be modified and polymerized to add functional benefits, these benefits can be both
nutritional and structural in foods. Modified proteins can be used in non-foods, being of
particular interest in polymer films and coatings. Food packaging materials, including
plastics, can linings, interior coatings of paper containers, and beverage cap sealing
materials, are generally made of synthetic petroleum based compounds. These synthetic
materials may pose a potential human health risk due to presence of certain chemicals
such as Bisphenol A (BPA). They also add to environmental pollution, being difficult to
degrade. Protein-based materials do not have the same issues as synthetics and so can be
used as alternatives in many packaging types. As proteins are generally hydrophilic they
must be modified structurally and their performance enhanced by the addition of
waterproofing agents. Polymerization of whey proteins results in a network, adding both
strength and flexibility. The most interesting of the food-safe waterproofing agents are
the (large aspect ratio) nanoclays. Nanoclays are relatively inexpensive, widely available
and have low environmental impact. The clay surface can be modified to make it
organophilic and so compatible with organic polymers. The objective of this study is the
use of polymerized whey protein (PWP), with reinforcing nanoclays, to produce flexible
surface coatings which limit the transfer of contents while maintaining food safety. Four
smectite and kaolin type clays, one treated and three natural were assessed for
strengthening qualities and the potential waterproofing and plasticizing benefits of other
additives were also analyzed. The nutritional benefits of whey proteins can also be used
to enhance the protein content of various foodstuffs. Drinkable yogurt is a popular
beverage in the US and other countries and is considered a functional food, especially
when produced with probiotic bacteria. Carbonation was applied to a drinkable yogurt to
enhance its benefits. This process helps reduce the oxygen levels in the foodstuff thus
potentially being advantageous to the microaerophilic probiotic bacteria while
simultaneously producing a product, somewhat similar to kefir, which has the potential
to fill a niche in the functional foods market. Yogurt was combined with a syrup to
reduce its viscosity, making it drinkable, and also to allow infusion of CO2. This dilution
reduced the protein content of the drink and so whey protein concentrate was added to
increase levels in the final product. High-methoxyl pectins were used to provide stability
by reducing the tendency of the proteins to sediment out. The objectives of this study
were to develop a manufacturing technology for drinkable carbonated symbiotic
yogurts, and to evaluate their physicochemical properties. Two flavors of yogurt drink,
pomegranate and vanilla, were formulated containing inulin as prebiotic, along with
probiotic bacteria, producing symbiotic dairy beverages.
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CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW
1.1.1 Nanocomposite plastics and coatings
Introduction
The purpose of packaging is to hold and transport items without allowing the
contents to escape (barrier protection). Liquids are the most difficult to transport but
other products have their own issues. The increasing complexity of food items on the
market (for example freeze-dried products and ready-meals) requires the use of
materials with varying barrier properties; materials must not affect or contaminate the
food they contain and in some cases must allow the food to be further processed in
the packaging container (Perez-Gago and Krochta 2000). It is also important that
(unnecessarily) durable materials are not used in articles which have a very short
useful lifespan (throwaway cups, fast food packaging and plastic bags) (Halden
2010). Usage of the minimum amount of packaging to achieve the product
requirements is important to reduce the economic and environmental burden.
Another fundamental purpose of packaging is to limit the transfer of contents
while, in the case of foodstuffs, maintaining food safety. The transfer involves 3
stages – dissolution, diffusion and posterior release; packaging should limit one or
preferably, all of these transferences (Pereira de Abreu and others 2007). Packaging
requirements are complex; and requirements for designing containers for food differ
from packaging of inert items, where, in the latter case, mechanical properties,
strength, labeling and manipulation are the principle issues. In addition foodstuffs
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also have moisture, pH and quality control issues that must be taken into account
when designing containing materials (Han 2005).
The four principle materials used in packaging are paper-based, plastic, metal
and wood. In general these require a layer of protective coating to protect the food
from the packaging and the packaging from the food. Major problems associated with
plastics, exacerbated by the difficulties of recovery, are that, when they are used as a
coating surface, this produces composite materials which are more difficult to sort for
efficient disposal and (both as freestanding and as coating materials) many types lack
biodegradability.
The majority of plastic materials used in packaging industries are produced
from fossil fuels, making their continued use environmentally unfriendly, both in
methods of production and in degrading the product after use. Many of these plastics
are directly in contact with the food and have high standards required of them as a
result.
Replacing the inorganic polymer with an organic one allows for usage of a
renewable resource and produces a product which is more environmentally friendly
and is safe as a packaging material. Proteins have been used for this successfully. The
proteins most commonly used as polymers for coatings include casein, gelatin,
collagen, and fish myofibrillar protein and whey proteins in their natural form. Whey
proteins are used in paper coating as they improve appearance, printability and
reduce water vapor permeability (WVP) (Audic and others 2003). Usable plant
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proteins include soybean protein, corn zein, and wheat gluten (Zhao and others 2008;
Oh and others 2004).
Organic-inorganic nanocomposites are interesting because they may have
unexpected hybrid properties from reactions and this particularly applies to a
combination of organic polymers and inorganic minerals. Small quantities of a
nanoparticle material, such as a nanoclay, can give better properties than found with
other types of additives; for example, improving mechanical, fireproofing and barrier
properties. The nanocomposites reinforce the polymer enhancing barrier properties at
high relative humidity (RH), while these high aspect ratio materials enhance gas
barrier properties. As this increases exponentially with increasing clay content, and
the best resistance is found in large aspect ratio materials, the structure of the clay is
seen to cause an increase in tortuosity for diffusion of molecules decreasing
permeability (Aulin and Lindström 2011).
A nanoparticle (as opposed to a nanomaterial) is considered to be a material
at, or smaller than, 10 nm and can be inorganic (silicates, metal oxides) or organic
(polymers, dyes) in nature. Hence the WPI proteins, the clays and some of the
plasticizers used in this study are all nanomaterials.
What is required for nanocomposite products is that they have improved
functionality compared with the raw materials alone. Improvements in elasticity,
stability and gas / moisture / solvent resistance are all of importance. Due to the way
in which nanomaterials function (particularly the significantly lower quantities
required compared with the same materials before alteration) there are often other
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advantages such as low density, transparency, good flow, improved surface properties
and recyclability (Sorrentino and others 2007). Material properties of biopolymerclay nanocomposites are shown to have significant improvement in mechanical,
physical and barrier properties including increased modulus and strength and
decreased gas permeability (Aulin and Lindström 2011). This project investigated the
qualities of freestanding plastics and their potential for use as coatings on both
plastics and as the internal liner of lids.
Plastics and environmental issues
There are around 20 different categories of plastics, worldwide the production
level of these was 245 million tonnes (MT) in 2006 and passed 300MT by
2010(Halden 2010). In the first quarter of 2008 the American Chemistry Council
showed that the total output of all petroleum based plastics (which makes up 8% of
the world oil production) exceeded 11.34 billion kg. Packaging accounts for about a
third of plastics used in the US (market value $100B) (Mooney 2009).
It has been calculated that in municipal solid waste produced in the US,
68.43MT of paper and paperboard are generated yearly compared to 20.91MT of
metals and 29.83MT plastics. However, while 62% of the paper and paperboard was
recovered and 34.5% of metals, only 7.1% of the plastics could be prevented from
going to waste. A survey by the EPA had similar results, with the recovery of plastics
significantly less than any other (non-organic) waste listed (EPA 2010).
Plastics are extremely useful due to the many ways they can be manipulated to
fill the requirements of almost any type of packaging, and as they generally have
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extensive evidence of extending food shelf-life and preserving quality and are
currently reasonably inexpensive, it is important that any replacement packaging
materials be of equal, or better, functionality (Sorrentino and others 2007). However,
there is an increasing environmental accumulation and pollution problem associated
with synthetic plastics that could persist for centuries (Swift 1990). It is important to
remember that petroleum based plastics have only been in common use for less than
100 years and it is clear that there are significant problems with their usage and
disposal. Waste which is improperly disposed of causes significant environmental
pollution; it affects wildlife, land use and water-bodies. As an example, the burning of
PVC (polyvinyl chloride) plastics produces furans and dioxins which are persistent
pollutants (Jayasekara and others 2005).
Health risks from use of plastics
Health risks from plastics can come from the monomers which are the basic
building blocks of the plastics, from additives (plasticizers, waterproofing agents,
etc.) or from a combination of the two (Halden 2010). However, the issues with
migrating chemicals and their actual levels are difficult to quantify.
Bisphenol A (BPA) is present in many plastics. It is widely used in the
production of polycarbonate plastics and epoxy resins and it has become an issue in
various types of packaging, particularly in can liners and in water bottles. BPA was
first synthesized in 1891 and is the monomer basis of polycarbonate plastics while
also being used as an additive in other plastics. During the polymerization process
some of the BPA remains as monomers and these can leach into the contained
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materials, this is particularly an issue with water bottles and infant food bottles.
Reports vary on the amount of BPA which is released from cans into foodstuffs with
some suggesting that it is very high and others claiming it to be negligible. However,
it is clear that very small quantities of BPA have been implicated in a wide variety of
health problems (Vom Saal and Hughes 2005; Biles and others 1997) noted that the
rate of leaching resulted in adverse effects in laboratory animals. BPA is known to
have hormonal (estrogenic) effects on the body.
Up to 99% of the human exposure to this material comes from contamination
into food through leaching (Halden 2010). In the case of baby bottles, for instance,
BPA levels were shown to be leaching at levels as high as 599 ppm (Cao and
Corriveau 2008). A review of 123 studies focused on the risks associated with BPA;
research using animal models showed an extensive range of adverse reactions to
levels of BPA, many at levels well below the reference dose determined by the EPA
(50g per kg per day). These included, along with the estrogenous effects, decreased
sperm counts, mortality of embryos, alteration of immune function, hyperactivity,
aggressiveness and other alterations in behavior. A study carried out by the CDC on
2517 US participants found concentrations of BPA in urine between 0.4 and 149 g
per L (mean 2.6 g per L) (Halden 2010).
Phthalates are diesters of phthalic acid and are found in a huge range of
products such as personal care products, toys, industrial plastics, etc. as well as in
food packaging. They are incorporated into plastics to act as plasticizers. Food intake
is the most important exposure pathway for phthalates, followed by ingestion of dust
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and inhalation of indoor air (Fierens and others 2012). They are not covalently bound
to the polymer matrix and so leach easily (Halden 2010). Phthalates are endocrinedisrupting compounds and suspected adverse health effects include reproductive
issues and early effects which may promote testicular cancer. According to the
American Plastics Council food wraps and food containers manufactured in the
United States do not contain phthalates (Halden 2010), however, studies in other
countries show significant levels in packaging produced there (Fierens and others
2012). The FDA restricts use of phthalates to total phthalates to not exceed 5 percent
of weight of finished packaging (FDA 2013c). Since 2008 restrictions have been put
in place for the use of phthalates in food contact materials in the EU(Muncke 2012).
BPA and phthalates are not the only chemicals which may cause issues. For
example an evaluation of different compounds found in adhesives used in food
packaging showed that more than half (57%) were capable of migrating into the
foodstuff through the food contact layer (Aznar and others 2011).
Proteins and polymerization
Proteins are readily processable and can be altered in various ways; for
example by heat, mechanical work, pressure, irradiation, alteration of pH and addition
of metal ions and lipids, and all these treatments may improve film properties (Zhang
and Mittal 2010). They are excellent gas barriers due to their hydrophilic nature,
though this can cause processing and performance problems as they are influenced by
relative humidity. Blending or lamination with other bio-based materials can,
however, help overcome humidity sensitivity. There are many ways to modify these
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structures, but as each protein is different each will also have different properties as
film. There are various chemical bonds responsible for the integrity of protein films –
hydrogen, ionic, hydrophobic and covalent.
Protein films alone have poor flexibility and are extremely brittle and so
plasticization is required to increase polymer mobility. Crosslinking agents involving
chemical or enzymatic reactions have been utilized to improve polymerization (Oh
and others 2004), however, effects may not always be as expected depending on the
cross-linker or the protein used (Micard and others 2000; Ghorpade and others 1995).
Polymerization results in an interconnecting network of proteins, adding both strength
and flexibility to the film while nanoclay materials further help to provide a gas, oil
and moisture barrier between foods and external packaging. These proteins,
particularly when combined with nanoclay fillers and other additives, produce stable
products with greater strength and flexibility than the proteins alone (Zhao and others
2008).
Soy and maize (zein) proteins have been found to produce usable films and
coatings. Soy protein isolate films are formed with disulfide, hydrophobic and
hydrogen bonds. Soy films are good oxygen and lipid barriers, however, they are also
hydrophilic in nature so their water barrier properties are poor. Soy proteins can be
modified by pH, chemical and enzyme adjustment, and by heating processes. These
films also have flexibility and strength issues which can be improved by addition of
plasticizers (Wan and others 2005).
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Whey is a protein rich by-product from cheese making (80%) and casein
production, and a large proportion of the 90 billion lb. of the whey generated every
year by the cheese industry in the US (Ling 2008) is disposed to the environment. As
the production of cheese worldwide continues to increase the levels of whey
production (every pound of cheese producing 9 pounds of whey) must also increase.
Whey proteins represent 20% of total milk proteins (Bertrand and Turgeon 2007) and
so it is important that they be reused, not sent to waste. The two principal sources of
cheese production are US (4.9MT (2012)) (NASS 2014) and the EU27 (7.19M T
(2012) (USDA 2012). Over 25% of the world’s whey and lactose products
(1.1MT/yr.) is manufactured in the US (U.S. Dairy Export Council 2014). In 2009 the
US produced 680,000 T of condensed whey and protein concentrates, in Europe about
1.6MT of whey powder was produced in 2009. A significant proportion is further
refined to whey protein isolate (WPI) which has a high protein content (>90%).
If sufficient commercial uses can be found for WPI then this waste may be
considerably reduced while at the same time helping to alleviate the reliance on
petroleum-based chemicals normally used in plastics, thereby reducing two areas of
pollution. While it is clear that there has been some success in use of whey proteins
for packaging surfaces, little work has been carried out using polymerized WP (Zhao
and others 2008). WPI has an advantage over other protein sources in that it has a
high content of β-lactoglobulin (β-lg) (the predominant protein in WPI) allowing it to
function as a strong gelling agent when conditions are correct.
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Heating and the adjustment of pH induces crosslinking in milk proteins and
this improves barrier properties – proteins have good oxygen barrier properties but
poor moisture barrier. Increasing concentration of heat denatured protein in WPI
emulsion films has been shown to decrease WVP (water vapor permeability) and this
appears to be a result of cross-linking. Whether the decrease in WVP is directly
related to disulfide cross-linking is less clear (Miller and others 1997).
Nanomaterials
In 1959 the physicist Richard Feynman, in a lecture called ‘There’s plenty of
room at the bottom’, explored the possibility of manipulating atom and molecular
sized materials imagining the many uses that these materials might be put to. As a
term ‘nanotechnology’ was introduced by Norio Taniguchi, a researcher at the
University of Tokyo, to describe the ability to engineer materials at this scale.
Nanotechnology is a rapidly growing research field, one of the fastest in the world.
The actual scales of interest for this area are within a range of 100 nm all the way
down to 0.2 nm (at scales below 10 nm issues with the safety of handling of these
materials begin). Within this range, and increasing as the material dimensions
decrease, materials take on unique properties that are not present when the material is
in bulk form. A particle at 30 nm has 5% of its atoms at the surface, at 10 nm 20% of
its atoms and at 3 nm 50% - in other words it has a much larger surface area as it gets
smaller. As growth and catalytic chemical reactions occur at surfaces, this means that
a given mass of material in nanoparticulate form will be much more reactive than the
same mass of material made up of larger particles (Royal Society 2004).
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Nanomaterials can have this designation when they are nanoscale in one
dimension (nanoclay platelets) or two (nanowires and tubes) or in all three
(nanoparticles) (Royal Society 2004). Commercial nanoclays have an aspect ratio
between 50 and 1000, this is higher than conventional clay and so less material can be
used. In paperboard manufacturing nanomaterials may have many uses including
improvement of optical properties, (abrasion and scratch resistance) and barrier or
mechanical reinforcement.
A nanoparticle (as opposed to a nanomaterial) is considered to be a material
at, or smaller than, 10 nm and can be inorganic (silicates, metal oxides) or organic
(polymers, dyes) in nature. Hence the WPI proteins, the clays and some of the
plasticizers used in this study are all nanomaterials.
1.1.2 Morphology and functionality of raw materials

WPI
WPI is approximately 92 – 95% protein (Kinsella and Whitehead 1989). It is
composed of -lg, α-lactalbumin (α-la), bovine serum albumin (BSA),
immunoglobulin, minor proteins, lactose and minerals (de Wit 1998) (Figure 1).
The principal protein of WPI is -lg, which has a structure and amino acid
content that make it a good gelling agent (Ziegler 1990). In its native form -lg
contains 162 amino acids, 9 β-strands and 1 α-helix and has a compact structure with
internal hydrophobic chains and external polar chains (Bertrand and Turgeon 2007).
It also contains two disulfide bonds and a free sulfhydryl (thiol) group. Below pH 6.5
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it exists in a dimer state of 2 identical monomers (de Wit 2009). Table 1 shows the
amino acid content of the major proteins in WPI

Whey

Whey Protein
Concentrate

Protein

pI

β-lactoglobulin
α- lactalbumin
BSA
Immunoglobulins

5.1-5.4
4.8-5.1
4.8-5.1
5.5-6.8

MW

%
4

1.84 x 10
1.42 x 104
6.60 x 104
1.5-9.6 x 105

β-lactoglobulin

Whey Protein
Isolate

Td°C

60
22
5.5
9.1

78
62
64
72

Cystine
(Disulfide
Bridge)

pI=Isoelectric Point, Td = Temperature of Denaturation

Figure 1 - Source and functionality of β-lg
Table 1 - Amino acid content of major proteins in WPI
Ion Exchange Manufactured

αlactalbumin
mg/g protein

% in Ion exchange WPI

25.6 %

WPI

Isoleucine
Leucine
Lysine
Methionine + Cysteine
Phenylalanine + Tyrosine
Threonine
Tryptophan
Valine

62
104
108
67
87
50
52
42

Ref: Kinsella and Whitehead, 1989
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β-lactoglobulin
mg/g protein

Immunoglobul
ins
mg/g protein

66.0 %

2.5 %

63
136
105
56
68
44
20
54

.30
96
68
41
106
105
27
96

The functionality of β-lg stems from reactions which occur on manipulation of
conditions away from its isoelectric point (pI) - pH 5.4 (Etzel 2004) or 5.2 (Ju and
Kilara 1998) in conjunction with adjustment of the temperature of the solution. The
movement of pH away from the pI to around pH 7 allows for a reversible reaction
within the molecule - the Tanford transition - to occur. If the temperature is
simultaneously raised this allows for the unfolding of the molecule, increasingly
making the process irreversible; it is reversible up to 60 0C, between 60 and 70 0C
irreversible changes start to occur and above 65 and 75 0C result in increased
exposure, some oxidation of thiol groups and production of small oligomers.
Disulfide bonds break causing the molecule to lose its integrity and unfold, allowing
molecular aggregation and resulting in an increase in viscosity (Qin and others 1998).
Bonds reform randomly (Qi and others 1997), with interactions between each other or
with areas of other molecules, and with thiol groups (R-SH). Above pH 7 and
between 75 and 85 0C the thiol / disulfide reactions predominate producing larger
aggregates (de Wit 2009).
Pre-polymerization of WPI: thiols and the Tanford transition
Although the minor proteins in WPI - -lactalbumin and immunoglobulins
also contain cysteine, β-lg has conformational advantage due to its thiol (S-H) group.
A redox reaction occurring between two cysteine residues (thiols) produces cystine
plus water. This connection of two thiols is called a disulfide bridge; it is these
bridges which link the protein internally, thereby stabilizing its structure. As the other
proteins do not, on their own, form gels in the way β-lg does, it appears that the
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disulphide bridge formations from the thiols are an important or possibly principal
source of bonding between the particles (Alting and others 2003b; Vasbinder and
others 2004) specifically with the availability of a free thiol group.
The heating disrupts the disulphides and the bridge can then reform, in a
cascade reaction, with other -lg thiol groups, a process which terminates when two
thiols interact to form a disulfide bridge (Vardhanabhuti and Foegeding 1999). If this
interaction occurs with thiol groups from other -lg molecules then linear polymer
structures are formed which result in gelation.
When the molecule is in its native state the disruption of the bridges has little
effect because they are in the center of the molecule - when they reform it would be
predominantly into the original structure. Therefore the structure must be further
disrupted by raising the pH of the WPI solution, deforming the β-lg protein molecule.
The natural structure of β-lg comprises principally a ‘calyx’ and an -helix. pleated sheets (labelled A to H in Figure 2) form the sides of this calyx, next there is
an -helix, one more -sheet and the COOH tail. After the β-D the short strand β-E
crosses at right angle (Figure 2), and this reduces the ability of strands to come
together producing a 'lid' for the calyx (Qin and others 1998).
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A*
Residue Position
A* Calyx ‘lid’
B* = Thiol (SH) group:
Cys 121
Disulphide Bridges:
G to  H
Cys 106 - 119
COOH terminus to D Cys 160 – 66
N-terminus (Leu1) links to GLU 108
A* = Calyx Lid  E
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Figure 2 - Structure of β-lg with disulfide bridges and principal reacting residues

(adapted from (Papiz and others 1986))
At pH around 6.2 to 6.5 (depending on the specific type of β-lg) the E-F loop
is folded over the entrance to the calyx, however, at pH 7.1 the Glu89 at the center of
the loop which has a protonated carboxyl atom hydrogen bonded and the E-F loop
moves away. This is called the Tanford transition (Tanford and others 1959) and it
results in exposure of the thiol group (Cys121) B* in Figure 2. Even though the thiol
SH group becomes more negatively charged as the pH is increased, and so is more
attractive to positively charged molecules, the movement of the calyx ‘lid’ does not
make it more accessible as this SH bond faces away from the interior of the calyx and
so the molecule is still stable.
Heating will allow for disulphide bonds to be broken and reform and for the
molecules to unfold to interact with each other or with areas of other molecules and to
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react with the free thiol group. The exposed thiol group (Cys121) may react with a
solvent-exposed Cys66–Cys160 bond of another β-lg molecule, resulting in a relatively
stable Cys121–Cys66 bond and a free non-native thiol group (Cys160) (Qi and others
1997; Creamer and others 2004; Gezimati and others 1997). Almost all the helical
conformation and up to a fifth of the β-sheets are lost during heating between 60 and
70 °C resulting in what is called a ‘molten globule’.
The pH is very important to this process, below 6.8 there is little interaction
with the thiol group, it is much more reactive up to pH 7.05 and four orders of
magnitude more reactive at pH 8.5. At pH 7 and up to 70 to 80 °C there is little
aggregation of β-lg, however, at 85 – 95 °C the rate of aggregation and the size of
particles increases (de Wit 2009).
Work by Perez-Gago (1999) indicated that the WVP of whey protein films
were the poorest at pH 4–5 and that moisture barrier properties were improved as the
pH of the film-forming solution was increased (Pérez-Gago and others 1999).
However, because the pH is held above the isoelectric point of the protein, there is a
limit to the types of interactions that can occur and generally only disulphide
exchange reactions and some hydrophobic interactions result. This results in a chain
of molecules instead of tight clumping. It has been suggested that all the sulfhydryl /
disulfide exchange interactions occur during this phase (Vardhanabhuti and
Foegeding 1999) and fast cooling of the mix will maintain the disulphide bonds in a
predominantly linear form. The PWPI proteins now have a net surface charge with
repulsive forces preventing random aggregation. As the protein has lost its integrity
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and it unfolds, this gives it a larger volume. It aggregates with other groups making
them bigger again and therefore more viscous (Qin and others 1998). Figure 3 shows
the various stages of the reactions of -lg at different temperatures. At this stage other
protein molecules may interact with the -lg so the resulting WPI-aggregates are
considered to be co-aggregates of the various whey proteins, (Ju and others 1997).
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Figure 3 - Schematic representation of the proposed thermal behavior of β-lg at

pH > 6.8 between 20 and 105 °C (modified from (de Wit 2009))
Nanoclay
This designation is generally used to refer to a clay which has a phyllosilicate
or sheet structure with a thickness of around 1 nm and surface of 50-150 nm which
can result in a surface area of around 750m2 g-1. The mineral base is hydrophilic,
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however, the clay surface can be modified to make it organophilic and so compatible
with organic polymers (Kamena 2010). This material, when incorporated into a
polymer material such as a protein, gives strength to the resulting product compared
to standard materials and adds reasonable-to-good clarity and flexibility. Nanoclays
interact with polymers by intercalation, interfacial adhesion or wetting, or by
exfoliation.
Phyllosilicate layers are built from tetrahedral sheets containing a silicon atom
surrounded by four oxygen atoms and octahedral sheets where aluminum or
magnesium is surrounded by eight oxygen atoms. The tetrahedral and octahedral
sheets share oxygen atoms to fuse them and unshared oxygen atoms are present in
hydroxyl form.
Two types of clay were used in this experimental work:
Kaolinite
Kaolinite is a phyllosilicate mineral with a structure composed of a sheet of
rings with three shared oxygens and a fourth oxygen which points upwards. The
apical oxygens often have a hydroxyl group centered between them and this binds
this (tetrahedral) sheet to a sheet of octahedral structure (Figure 4). In kaolin these
octahedra contain the trivalent aluminum cation. Overall a layer of silica rings is
joined to a layer of alumina octahedrals through shared oxygens and this gives a
plate-like morphology which has an oxygen surface on one side and a hydroxyl
surface on the other, hence each layer can stack by hydrogen bonding, one over
another.
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Figure 4 - Structure of Kaolin (Duca 2010)
This differs from (for example) talc, where weak van der Waals forces allow

the plates to slide easily; in kaolin, bonding is much stronger and requires more force
to delaminate the platelets (Duca 2010). Kaolinite, as the most common example of a
di-octahedral two-sheet phyllosilicate, ideally has the chemical composition
A1,Si,05(OH)4. However, depending on how closely to the ideal structure it is its
technological properties vary. Kaolin only has an external surface as it is not a
smectite (swelling) clay. Thus its adsorptive properties are limited (Konta 1995).
Kaolin has properties suited to use on paper, adding to its brightness and whiteness
and it has long been used in papermaking. It can act as a coating pigment and as a
filler acting to improve the appearance and smoothness of the paper surface making a
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better surface for printing. Its relative inexpensiveness compared to other mineral
pigments makes it advantageous for use in the paper industry (Thiele 2007).
Kaolin is generally inert, and does not react with other materials. It is
insoluble in water. Extensive testing has not shown it to have any evidence of toxicity
to humans and it has GRAS status in the US and no environmental risks. It has many
different functions, for example it is used to control stress and damage to fruits and
vegetables from insects, mites, fungi, bacteria, and can be used to protect against
sunburn and heat stress. The FDA has approved it for use in toothpaste and as an
anticaking agent (EPA 1999).
Smectites and Pyrophyllite
These are types of phyllosilicate clay having a crystal lattice consisting of one
octahedral sheet sandwiched between two tetrahedral sheets (2:1) (total thickness of
0.94 nm). The functionality of this type of clay is partly achieved by the electrostatic
state of the inter-layer spaces (space between lattices). If it is electrostatically neutral
(pyrophyllite) there are no interlayer ions and the clay cannot expand. Some clay
minerals, such as talc, pyrophyllite, illite and chlorites, only have an external surface.
This limits their adsorptive properties and therefore uses are limited.
Smectites are swelling-type clays. The swelling clay minerals have both an
external and an internal surface and the internal surface area is always substantially
larger than the external surface (Konta 1995). The smectite clay group is formed
when the aluminum cations in the octahedral layers of a basic phyllosilicate are
partially substituted by divalent magnesium or iron cations. The negative charge
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created by this substitution is balanced by inter-layer sodium or calcium ions. The
presence of these cations causes spaces and the layers stay close together with a
regular gap (called a gallery space) between them. The forces that keep the layers
together are mostly electrostatic and van der Waals (which are reasonably weak) so it
is possible to incorporate (intercalate) other molecules between the layers, this causes
the lattice to expand and can actually separate the individual layers. It is this ability
which makes the aspect ratio of this type of clay so high and so effective as a
reinforcing filler.
Bentonite and montmorillonite have similar properties, and the terms can be
interchangeable. This material is used as a clarification agent for fruit juices, as a
binder in animal feeds, as an ingredient of coatings and adhesives for food packaging
materials. The select committee on GRAS substances judged that it does not
constitute a risk to human consumers when used in packaging, however, they suggest
determining a level allowable as a food-grade standard. Addition levels up to 3% of
diet of experimental animals showed no effect on these animals (FDA 1977).
Montmorillonite
Silicon and oxygen are common to all clay minerals with the configurations
possibly expanded by the combination of aluminum, magnesium, iron, sodium,
calcium and potassium. Montmorillonite is a type of smectite clay which is
predominantly silica with the addition of alumina. It is made up of alternating types
of layers - silica tetrahedral (2) and alumina octahedral layers (1). The two tetrahedral
layers sandwich the octahedral, sharing their apex oxygens with the latter. These three
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layers form one clay sheet. The silica tetrahedral layer consists of SiO4 groups linked
together to form a hexagonal network. The alumina layer consists of two sheets of
close-packed oxygens or hydroxyls, between which octahedrally coordinated
aluminum atoms are embedded in such a position that they are equidistant from six
oxygens or hydroxyls.
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Figure 5 - Structure of montmorillonite (Wool and Sun 2011)
Montmorillonite as a hydrated sodium calcium aluminum silicate hydroxide is

particularly suited as a nanoclay as it has a high aspect ratio and a plate like structure
(Figure 5). It also has the ability to change volume by absorbing water molecules
(swelling property). The high aspect ratio enhances the mechanical and physical
properties of the material. The spaces between the plates – the gallery spaces – could
also be filled with a polymer, again causing swelling, This interaction between the
two is called intercalation if the clay remains in stacks, if it becomes disorganized it is
termed exfoliation (Xanthos 2010). Montmorillonite's hydrophilic nature causes
resistance to homogeneous dispersion in an organic polymer. When the
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montmorillonite is organically modified by a cation exchange reaction this increases
dispersion (Miller 2013).
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Table 2 - Clays used for this project work

Clay Type
Kaolin
Nanofil 116

Cloisite 30B

Cloisite Na+

Description
Standard, small particle
(midrange sizing)
Bentonite (99%)

Organic Modifier - MT2EtOH
methyl, tallow, bis-2hydroxyethyl, quaternary
ammonium
Concentration 90 meq/100g

clay
Where t
is tallow (~65% C18; ~30%
C16; ~5% C14)
Unmodified montmorillonite
with a cation exchange
capacity of 1.16 meq/g

Issues
Difficult to hold the clay in
solution
Impossible to dissolve
completely, very thick
solution,
Any dilutions down to 1%
too thick.
Difficult to prevent lumping,
Difficult to hold the clay in
solution

Difficult to hold the clay in
solution

The addition of the quaternary ammonium compound cations to the
organosilicates (for example in Cloisite 30B (C30B)) lower the surface energy of the
inorganic host and improve the wetting characteristics of the polymer matrix,
resulting in a larger interlayer spacing. Additionally, cations can provide functional
groups that can react with the polymer matrix (Sinha Ray and Okamoto 2003).
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The crystal chemistry reflects the electrostatic charge of the layers. A negative
charge occurs as the result of ionic substitutions in the octahedral and tetrahedral
sheets. In a three sheet clay mineral where tetrahedral:octahedral is 2:1 the negative
charge is 0 to 2 valence units. Normally the silicate surface is hydrophilic, however,
ion exchange reactions with cations make silicate surfaces organophilic (Wool and
Sun 2011). The electrostatic negativity of the structural layers is compensated by
exchangeable cations (ex.: K+, Na+, Ca+, Mg+ and H+) in the interlayer space
(Konta 1995).
Silicate polymer interaction
Intercalation of polymer or pre-polymer from solution requires a solvent
system in which it is soluble and the silicate layers are swellable. The layered silicate
is first swollen in a solvent (water). When the polymer and layered silicate solutions
are mixed, the polymer chains intercalate and displace the solvent within the
interlayer of the silicate. When the solvent is removed the intercalated structure
remains.
When silicates are added to polymers three different structural composites are
formed: tactoids, intercalates and exfoliated structures. Tactoids are the least well
combined. Here the clay particles are surrounded by the polymer and layers are not
separated. In this case the clay is acting as a conventional filler. Where the
nanocomposite is intercalated a single polymer chain is found between the clay
silicate layers, the plates are separated somewhat but still remain stacked. When the
material is exfoliated the layers have split from each other (delaminated) and are well
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dispersed (Aulin and Lindström 2011). It is common to find a mixture of
morphologies in a substance. Materials with exfoliated nanoparticles have better
barrier properties than those which are intercalated (Pereira de Abreu and others
2007).
Clay treatments
There are many ways to treat the clays to encourage intercalation and
exfoliation and many of these require chemical modification of the clay and/or harsh
processing of the material. This can be inappropriate as they may damage the polymer
or incorporate toxic compounds into the material. Elevated temperatures, and elevated
pressures are forms of processing which can help the exfoliation of the clays,
however, they may also damage the protein (Kolman and others 2012).
Sonic dispersion is an alternative which can be applied to the clay before
processing which can help reduce this damage. Ultrasound sonication is widely used
to exfoliate nanoclay platelets it is a form of vibration that provides energy for the
nanoclay platelets to escape from surrounding forces holding them together. If there
is not enough energy added to the polymer/nanoclay mixture, the nanoclay platelets
break from their restraining force and the aid for dispersion is limited. Too much
energy increases the frequency of collision between single nanoclay platelets
increasing the chance for single platelets to react to form a larger nanoclay cluster.
Therefore, an optimum sonicating time must be achieved for maximum dispersion
ability (Lam and others 2005).
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Alternatives which exfoliate montmorillonite in mild conditions may help in
the development of functional bionanocomposites. Studies have shown that the
interactions between protein (lysozyme and albumin) and a solid surface (silica) are
electrostatic in nature, however, the absorption doesn’t appear to be dependent on pH
so there appear to be other factors at work, not least the type(s) of proteins involved.
There also does not appear to be a clear connection between the charge of protein
molecules and their ability to intercalate (Kolman and others 2012) indicating that
adsorption might be site specific on the protein molecules. The net charge on a
protein is zero at the pI, positive at pHs below the pI, and negative at pHs above the
pI (Shaw and others 2001). In general terms, as the pH of a solution increases,
deprotonation of the acidic and basic groups on proteins occur, so that carboxyl
groups are converted to carboxylate anions (R-COOH to R-COO-) and ammonium
groups are converted to amino groups (R-NH3+ to R-NH2).
It is generally necessary to modify the nanoclay in order to allow it to interact
with organic molecules. Organophilic clays such as the modified montmorillonite
Cloisite 30 B are obtained by replacing the sodium ions with long chain organic
cations, montmorillonite modified by quaternary ammonium salt is already expanded.
It is important to combine the polymer to be used with an organic modifier which is
complementary to the filler (nanomaterial). If they can interact too completely then
exfoliation instead of intercalation may occur, though this may not be an issue in
some materials. Exfoliation can take place by chemical and / or mechanical means. It
is thought that complete exfoliation will give the best performance improvement in
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coatings. Where a clay becomes extensively exfoliated the film tends to be at its
strongest, stiffest, most brittle and with the greatest decrease in WVP (Zhang and
Mittal 2010).
Intercalation of nanoclays follows 2 approaches – adding the monomer to the
gallery and polymerizing it later, or inserting the polymers into the gallery
(Sorrentino and others 2007). This project work involved the insertion of polymers
into gallery spaces. An unmodified montmorillonite that is sodium rich (ex. Cloisite
Na+) is hygroscopic and can be expected to delaminate. Both modified and
unmodified types have been shown to give a large reduction in WVP compared to
polymer with no clay added. As kaolin does not have these expanding properties any
benefits it shows are based on the size of the particles and their ability to be dispersed
in the material providing a much more tortuous route for liquid and vapor movement
than standard kaolin, thereby slowing down water permeability (Table 2).
Solvent systems
Solvent systems for edible food grade films and coatings are generally limited
to ethanol and / or water. Some other solvents could be used in food grade plastics,
however, their safety would have to be ascertained on a case-by-case basis. The
solvent system has been found to affect film morphologies in the case of cellulose
acetate films plasticized with polyethylene glycol.
Films with acetone were found to be transparent while those containing
acetone and water were opaque. This indicates that cellulose acetate is immiscible
with PEG. Lower water vapor transmission rate (WVTR) was noted with films
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prepared from acetone compared to those prepared from the combination. They were
also found to be tougher, stronger and more flexible with greater thermal and
oxidative stability (Yuan and others 2001). PEG with molecular weights above 1000
require the addition of water to a solution even if acetone is also used (Greener and
Fennema 1989).
Plasticizers
Plasticizers are small, low volatility molecules which are added to polymers to
improve flexibility and related characteristics. They act by modifying the three
dimensional structure, decreasing intermolecular forces along the matrix of the
protein chains and increasing free volumes and chain mobility, thus the structure
becomes less rigid and so mechanical properties are improved (Zhang and Mittal
2010; Andreuccetti and others 2009). During this research the plasticizers sorbitol,
glycerol, polyglycerol, polyethylene glycol 400 and 8000, tributyl citrate (TBC),
triethyl citrate and acetylated monoglycerides (Soft & Safe, Grinstead) (also acts as
an emulsifier) were all investigated. A combination of intermolecular disulfide
bonding, hydrogen bonding, hydrophobic interactions, and electrostatic forces
between protein chains results in brittle film. Water is the most effective plasticizer
for biopolymeric materials.
The type of plasticizer has a strong influence on the type and amount of
plasticizer used. Those with smaller molecular weights are more easily incorporated
into the protein matrix and are more efficient as plasticizer than those with larger
molecular weight (Table 3).
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Plasticizers are usually chosen for their compatibility with the polymer,
permanence in the film and efficiency of addition rate. Compatibility relies on the
similarity of chemical structure between the plasticizer and the polymer so different
plasticizers are required for different polymers. For example polysaccharide films
require hydrophilic plasticizers which contain hydroxyl groups and which can form
hydrogen bonds with the polysaccharide. Plasticizer physicochemical properties, such
as chemical structure, shape, polarity, chain length, physical state, and number of
active functional groups determine its ability to plasticize a polymer network. Low
plasticizer molecular weight has been related to good plasticizer diffusion into the
polymer matrix (Navarro-Tarazaga and others 2008).
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Table 3 - Comparison of the most common plasticizers used in food-grade films.
Molecular weights
Propylene glycol

76

Increased elongation /
decreased the tensile
strength*
-

Glycerol

92

1

Sorbitol

182

2

Polyethylene glycol (200),

200

3

Sucrose

342

4

Polyethylene glycol (400),

400

5

*Incorporation of plasticizers at a concentration of 0.34–0.64 M in β-lg films (adapted
from (Wihodo and Moraru 2013))
Where the plasticizer level in film is adjusted a great deal of difference in
attributes such as elongation occurs. Plasticizers which have been used with various
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proteins include, for example, wheat gluten (between 20 – 60 % of the protein
weight), ethylene glycol, triethylene glycol, ethanolamine, and glycerol (Zhang and
Mittal 2010). For zein films, polyols or fatty acids are used as plasticizers as well as
glycerol, polyols, mono-, di-, and oligosaccharide, lipids, lipid derivatives, and fatty
acids (i.e. palmitic acid, stearic acid, linolenic acid, and oleic acid).
The most widely used plasticizers include glycerol, propylene glycol and
polyethylene glycol and each of these present hydrophilic characters. In soy film
manufacture, when glycerol alone was compared with glycerol and a less hygroscopic
plasticizer (propylene glycol (PG), PEG, sorbitol, or sucrose) the optimal
combination was found to be 50:50 Glycerol:Sorbitol as this combined relatively low
WVP value with higher flexibility and strength (Wan and others 2005).
Polarity of the plasticizer molecule also influences film properties. Plasticizers
with low polarity are not good competitors for hydrogen bonding sites which reduces
their effectiveness in disrupting intermolecular interactions in a protein matrix. For
example propylene glycol, which has low polarity produces brittle films from β-lg
despite its low molecular weight (Sothornvit and Krochta 2001). On the other hand
sorbitol, which is less polar than glycerol, gives lower oxygen permeability in β-lg
films and lower WVP in WPI films compared to glycerol (Wihodo and Moraru 2013).
Where a plasticizer is hygroscopic it absorbs more water and this results in a
greater decline in tensile properties with increasing relative humidity (RH). Reducing
this issue can be achieved by the use of lipid-polysaccharides or lipid-proteins which
increase resistance to humidity, but with loss in their mechanical properties. The citric
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acid ester derivatives tributyl citrate (TBC) (Figure 6), acetyltributyl citrate (ATC),
triethyl citrate (TEC) and acetyltriethyl citrate (ATEC), are approved for food use as
plasticizers as they are non-toxic and are suitable for food contact surfaces.
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Figure 6 - Tributyl citrate (TBC)
They pose somewhat of a problem when attempting to incorporate

hydrophobic composites into hydrophilic film production matrices and the addition of
lecithin as an emulsifying agent may help to alleviate this problem. Andreuccetti
(2009), when producing gelatin-based films determined that TEC and ATEC were
less flexible than TBC and ATC where the plasticizers exuded to the surface. This is
probably as a result of the hydrophobic part of the solution turning to the film / air
surface and the hydrophilic part moving towards the contact surface (Andreuccetti
and others 2009).
ATC is less polar than TBC as it has an acetyl group, a greater number of
unsaturations and a higher molar mass. In the case of low molecular mass,
hydrophobic plasticizers may actually increase molecular mobility and facilitate
migration of water vapor as the protein network has a larger free volume with greater
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mobility of the solvent and greater water diffusion by the film matrix (Andreuccetti
and others 2009).
Emulsifiers and proteins stabilize emulsions and foams using two distinct
mechanisms. If the interface is disturbed it stretches and this gives a surface tension
gradient. The gradient is removed by diffusion of the emulsifier at the interface.
Adsorbed proteins on the other hand interact with molecules to form a film at the
(interface) surface becoming immobilized and reducing desorption (Clark and others
1991). The emulsifier may reduce the humidity content of the films – an interaction
may occur of hydrogen bridges between the hydrocolloid and the polar groups of the
emulsifier so there are fewer polar groups available to interact with the water
molecules. Soy lecithin was found in the work by Andreucetti (2009) to produce
better incorporation of apolar plasticizers in hydrophilic solution. Conversely
antiplasticization of films may be caused by reduction of polymer free volume,
interaction between polymer and plasticizer and the stiffness of the film due to the
presence of rigid plasticizer molecules adjacent to polar groups of the polymer.
Glycerol and sorbitol
Glycerol and sorbitol are both polyols (sugar alcohols; containing multiple
hydroxyl groups) and plasticize effectively due to their ability to reduce internal
hydrogen bonding while increasing intermolecular spacing. Glycerol is the backbone
of all the triglyceride lipid esters and has three hydroxyl groups making it soluble in
water. It is a very common plasticizer and is used with many types of polymer
material. Sorbitol occurs widely in nature and particularly high concentrations in
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fruits such as apples, pears, peaches. It can be produced industrially by the
hydrogenization of glucose with an active nickel catalysts and it is widely approved
as a bulk sweetener and as a humectant (Baer 1991) (Table 4). Glycerol and sorbitol
are relatively small hydrophilic molecules and could be easily inserted between
protein chains and establish hydrogen bonds with amide groups of proteins. The
humectant qualities of these plasticizers are a part of their plasticizing action being a
result of their ability to hold water (also a very effective plasticizer) in the film. While
glycerol is completely soluble at 25 C, with medium to high hygroscopicity, sorbitol
is only 71% soluble with medium-low hygroscopicity. Hydrophilicity is also one of
the main disadvantages of these plasticizers as it increases WVP and the adsorption of
water through the film. Sorbitol produces films with a lower moisture content than
glycerol (Fairley and others 1996).
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Table 4 - Physical Properties of Glycerol and Sorbitol

Plasticizer
Chemical Formula
Molecular Mass (Da) g mol−1
Melting Temperature (0C)
Structure a

Glycerol (G)
C3H8O3
92
18

Sorbitol (S)
C6H14O6
182
95

(Anker and others 2001; Navarro-Tarazaga and others 2008) (a Navarro 2008 –
chemical structures only.
Plasticizer molecules are hypothesized to function by binding with water
molecules and also shielding active centers along the polymer chains, thereby
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decreasing intermolecular interactions and increasing intermolecular distances. They
act by weakening the hydrogen bonding in the proteins (Doolittle 1965; Gontard and
others 1993). Another issue with glycerol is its tendency to migrate through the film
due to its binding limitations with the protein molecules. Migration may also be
dependent on the types of functional groups, polarity, and structure of the film matrix
(Anker and others 2001). Glycerol has been shown to be at its most effective at a
slightly greater than 15g/100g dry matter (Gontard and others 1993).
It has been noted that the vapor presssure of these plasticizers alone and when
combined with a polymer matrix were equal and that therefore the difference in WVP
is directly related to the type of plasticizer added (Shaw and others 2002).
Polyglycerol
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Figure 7 - Formation of polyglycerol (Norn 2008)
Figure 7 shows the formation of polymers as the polymerization of glycerol

progresses. A combination of heat and a catalyst converts glycerol to diglycerol,
when there is little glycerol left the diglycerols begin to interact producing
triglycerols and higher oligomers (Norn 2008). Polyglycerol is a clear yellowish
viscous liquid with an average molecular weight of 250 g/mol. It is water soluble but
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less hygroscopic than glycerol or diglycerol. The polyglycerol used in this project
was Polyglycerol 3, which is characterized by a very narrow oligomer distribution
centered on triglycerol and contains a minimum 85% diglycerol, triglycerol and
tetraglycerol with only trace amounts of glycerol (see Figure 8).
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Figure 8 - Polyglycerol (n averages 3)
Polyglycerols and derivatives are used in various industrial applications

including additives (antifogging and antistatic agents, lubricants, or plasticizers)
emulsifiers, stabilizers, dispersants, antifoaming agents, lubricants, etc. They are
biodegradable and acceptable for food use in many countries and have several
advantages over the equivalent glycerides. Compared to glycerol and its esters,
polyglycerol homologues are less volatile (reducing evaporation during extrusion),
have better stability to oxidation and higher thermal stability thereby reducing
discoloration during film processing, they are also claimed to have better plasticizer
properties than glycerol alone (Solvay Chemicals 2014).
Polyethylene glycol (PEG)
Ethylene is produced from hydrocarbons (for example crude oil) by a process
of heat extraction. When ethylene is oxidized in the presence of a silver catalyst this
produces ethylene oxide. Polyethylene glycol is produced by the interaction of
ethylene oxide with water or ethylene glycol, catalyzed by an acid or a base, the
variation in molecular weight is more easily controlled with the use of ethylene glycol
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than water. PEG is available in many different molecular weights denoted by the
number for example PEG 400 has an average molecular weight (mass) of 400 and the
base structure is shown in Figure 9. Lower molecular weight PEG molecules are
thought to be less water vapor transmission proof, however, it is thought that PEG has
a higher number of moisture binding sites than (for example sorbitol) resulting in
multiple types of sorbed water molecules in PEG films including bridging water and
hydrogen-bonded water to the end hydroxyl group. These sites may be the basis for
the greater plasticizing efficiency of PEG compared to sorbitol (Wan and others
2005). PEG 400 has GRAS status.
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Figure 9 - Polyethylene glycol
Yan and others showed that in cellulose acetate films the permeability of films

plasticized with propylene glycol (40 % of polymer weight) decreased. They noted
that the degree of water permeation may not be linear and may result in an
antiplasticizing effect (Yuan and others 2001). In the production of cellulose acetate
films it has been shown that at a plasticizer level below 5% polymer weight the
tensile strength (TS) and elastic modulus (EM) increase, as plasticizer increases.
However, above that (5-40%), mechanical strength (MS) decreases with increasing
plasticizer (Yuan and others 2001). Below 25% PEG the level and molecular weight
(of the types of PEG examined) have no effect on % elongation, above 25%
percentage elongation increases.
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Lipids and waxes
Lipids can be incorporated into protein films to modify their barrier
properties. These have been shown to decrease surface tension in the case of oleic and
linoleic acid with the greatest effect being with the addition of stearic acid (see Figure
10 for structures), which decreased elongation and increased tensile strength, an
effect not seen with the unsaturated fatty acids (Fernández and others 2007). Other
lipids which may be incorporated include waxes such beeswax, carnauba wax and
biopolymers, paraffin wax and shellac resins, acetoglycerides, etc. They have
excellent moisture barrier properties, though they have shown textural and
organoleptic problems in edible films due to oxidation and waxy taste.

Figure 10 - Lipids: (top) stearic acid, C18H36O2; (middle) Oleic acid - 18:1 cis-9
(bottom) Linoleic acid - C18:2
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Lipid based biofilms can be produced as emulsions or as bilayer films, with
bilayer films being a better barrier for oxygen and water vapor (Fernández and others
2007). Proteins can be adsorbed onto oil droplets, with β-lg and reduced proteins
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preferentially adsorbed. Reduction of disulfide bridges decreases the emulsification
properties of these proteins (Closs and others 1993).Emulsion films containing
protein and a lipid (wax) showed variation depending on lipid distribution.
Homogeneous lipid distribution was achieved at 25 0C and 40% relative humidity,
however, at higher temperatures migration of the lipid was observed, increasing with
increasing temperature. In one experiment beeswax, candelilla wax and high-melting
anhydrous milk fat fraction were analyzed; lipid type, drying temperature and film
orientation all had an effect on the WVP. Overall it appears that waxes work best as
bilayers or laminates over emulsions (Perez-Gago and Krochta 2000).
Beeswax is widely used as a waterproofing agent. Navarro-Tarazaga (2008)
showed that beeswax addition rate when in a hydroxypropyl methylcellulose based
film decreased mechanical properties making the film more ductile, less extensible
and tough and resistant to breaking. This was thought to be caused by a disruption of
the continuous matrix of the polymer or a reduction of the plasticization effect
because of the lower water affinity in the product. The addition of lipids will cause
the development of a heterogeneous film structure which has a discontinuous polymer
network and these all influence to cause film brittleness (Navarro-Tarazaga and
others 2008).
Acetylated monoglycerides
The acetylated monoglyceride (AMG) used in this project(Figure 11) is
derived from hydrogenated castor oil, and belongs to a class of natural oils and fats
that are globally approved as direct food additives. It acts as a replacer for phthalates
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in the plastics and this type has been approved for use in various countries including
the US and the EU with minor, or no, restrictions for plastics and packaging.
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Figure 11 - Structural components of AMG type used in project
In work carried out by Anker et al (2002) addition of a lard-derived AMG

showed the WVP (50% RH, 23 oC) to be reduced by 70X versus WPI alone (Anker
and others 2002). Caseinate film trials showed mixing the protein with oils, waxes or
AMG can help reduce water sensitivity (Audic and others 2003).
Crosslinkers
Crosslinker effects are not reliable as they differ with different proteins.
Materials such as formaldehyde, glutaraldehyde, epichlorohydrin, citric acid, 1,2,3,4butane-tetracarboxylic acid, polymeric dialdehyde starch, 1,2-epoxy-3-chloropropane,
and dialcohols have been used. 1-3-dimethyl-aminopropyl-3-ethyl-carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS), have been found to improve
film forming properties and reduce aggregation in solution (Han and Scanlon 2013).
One study showed a WPI based film treated with crosslinkers showed that
glutaraldehyde had the highest WVP followed by carbonyldiimidazole,
formaldehyde, and dialdehyde starch and where the WVP results were higher than
either the control or a film treated with ultraviolet (UV). Formaldehyde may have the
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benefit of increasing tensile strength and puncture strength while reducing WVP.
These benefits can be added by the adsorption of formaldehyde vapors (Ustunol and
Mert 2004). Previous work gave variable results where, for example, WVP of wheat
gluten films were shown not to be affected by formaldehyde vapors, while soy protein
isolate (SPI) showed a 6% reduction in WVP (Micard and others 2000; Ghorpade and
others 1995). The source of the problem of variability of benefit may be permeability
of the polar permeant (water) through a polar protein. If these two parts of the film
are very compatible then it is possible that the addition of further polar groups in
crosslinkers just increases the hydrophilicity. It is also possible for the water
molecules in the film to cluster reorganizing the film structure and improving water
diffusion (Ustunol and Mert 2004). Formaldehyde added to zein film was shown to
reduce water permeability and increase tensile strength while using peroxidasecatalyzed cross link reactions increased the WVTR through casein films (Oh and
others 2004).
Most crosslinkers are not considered GRAS and so extensive analysis of their
effects would be required to use the material in the processing of a film. An exception
is transglutaminase (TGA), an enzyme used as a binder in food processing. it is
commonly known as ‘meat-glue’ and it is produced by the bacterium
Streptoverticillim mobarenes. This enzyme has the property to cross-link proteins to
produce water insoluble edible films. TGA (protein-glutamine c-gluta-myl
transferase, E.C.2.3.2.13) catalyzes the formation of cross-links in proteins via an
acyl transfer reaction. The c-carboxyamide group of glutamine serves as the acyl
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donor and the e-amino group of lysine serves as the acyl acceptor to form
intra/intermolecular covalent cross-linkages (Zhu and others 1995). It was declared
GRAS by the FDA in 1998 and is used extensively in the food industry (FDA 2012).
TGA is useful in whey, soy and gelatin films, however, it is difficult to use
with the water insoluble (hydrolyzed) protein (Oh and others 2004). TGA’s use in a
protein film improves properties by increasing film strength and reducing flexibility
by production of isopeptide bonds among the peptide chains (Zhang and Mittal 2010).
Oh and others (2004) investigated use of whey proteins, casein and zein
hydrolyzate as the protein base for film preparation with the addition of glutathione
and transglutaminase as cross-linkers. Electrophoresis results showed that the casein
molecules become crosslinked and this effect was enhanced by the addition of zein
hydrolyzate. Films have been successfully produced which incorporate whey protein
and zein crosslinked by transglutaminase. WVP permeability was not significantly
different, however, zein hydrolyzate and TGA improved film flexibility so plasticizer
levels could be reduced (Oh and others 2004). Zein hydrolyzate also significantly
decreased the water solubility of the film, however, TGA had no significant effect.
McHugh and others (1994) were the first to replace transglutaminase with
polymerized WPI in film production due to the disadvantages of use of
transglutaminase including its limited availability and its cost.
Other additives
Hydrolyzed keratin has been found to lower WVP and significantly lower
oxygen permeability. Calcium cations promote cross-linking in the film structure,

41

increasing tensile strength and lowering WVP. Cysteine addition to soy-protein films
was shown to increase the number of disulfide bonds and thus help to increase the
tensile strength of cast films. Propylene glycol alginate may improve various
properties such as mechanical strength, water barrier, and resistance to WVP in soy
films. At a level of up to 10% PGA forms covalent complexes with the protein.
Sodium dodecyl sulfate (SDS) has been found to increase film extendibility and
improve moisture barrier abilities. This appears to be as a result of disruption of
hydrophobic associations among protein molecules with non-polar portions of the
SDS molecules attaching to the hydrophobic amino acid residues in the film.
However, SDS has a pronounced effect on the conformation of WPI in solution, and
it reduces gel strength substantially and SDS has not been found to be effective as a
plasticizer when used on its own in WPI films. This may be because SDS requires a
certain amount of water to be fully effective or it is possible that the surfactant effects
are not strong enough to disturb the inter-chain forces (specifically the hydrogen
bonding in the film (Zhang and Mittal 2010; Fairley and others 1996).
1.1.3 Production processes
Card coating
Proteins have been investigated for their beneficial effects as polymers for
card coating. Han and Krochta (2001) showed that WPI coating produces a more
homogeneous and smooth coating surface than the matching uncoated product. The
WPI acts like a filler (as clay does) of the void areas in paper to produce a smooth
surface – something that is advantageous in printing (Rhim and others 2006). Rhim’s
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(2006) analysis of alginate and soy protein isolate (SPI) coatings showed results
where alginate increased WVP slightly while SPI reduced it significantly indicating
that there is a different interaction between the types of biopolymers and the cellulose
basis of the paper (Rhim and others 2006).They also saw a decrease in WVP of pulp
paper versus coated pulp paper of 2.5 ± .05 to 1.4 ± 0.05 ng m/m2s Pa. It is noted that
water absorptivity of paperboards coated with alginate was caused by the coating
materials absorbing water and swelling. Han and others (1999) also showed this result
in their work on WPI with the amount of water absorbance increasing with the
thickness of the film. They concluded that WPI may work well as a binding agent and
a sizing agent on coating.
Laminating films
This refers to the production of film and the addition of a waterproofing or
other agent in multiple layers. Polyethylene (PE), polypropylene (PP), polyethylene
terephthalate (PET) or ethylene vinyl alcohol (EVOH) and aluminum foils are all
examples of these types of lamination. A lipid layer here can have beneficial effects
and varieties include sorghum, carnauba wax, tung and soybean oils. These films tend
to be tougher and more flexible than non-treated sheets and can decrease gas
permeability by filling in voids and pinholes in the film structure. In the resulting
composite the lipid gives a barrier against WV and the protein provides the barrier
against oxygen and gives the necessary strength. An emulsion film, rather than a
laminate of protein film with an overlayer of the lipid, is easier to produce, only
requiring one casting and one drying process, while laminated requires two. However,
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its water vapor barrier is not as good as the laminated film though the surface dried in
contact with air will be lipid-rich.
Polysaccharides and derivatives can provide an oil and grease barrier along
with an oxygen barrier, however, there is an issue of moisture sensitivity with these
coatings. This issue may be reduced by the addition of waterproofing agents such as
waxes and internal sizing agents to improve water barrier properties (Aulin and
Lindström 2011).
Irradiation
Irradiation of film increases barrier properties particularly against gas
transmission and this has been attributed to increased cross-linking (Miller and others
1997). Irradiation can increase mechanical properties of films by formation of
bityrosine between the tyrosine of two protein chains (Zhang and Mittal 2010)
however whey proteins are low in tyrosine residues so irradiation will not have a
significant effect on its molecular weights. The benefits of this can be boosted by
incorporation of other proteins such as casein (Dangaran and Krochta 2009).
Irradiated films may also have better surface appearance – glossier and smoother than
non-irradiated type. However, irradiation can cause darkening and a color cast to the
film.
Heat curing of film
Heat curing has been found to have beneficial effects on mechanical strength
and water barrier properties, for example in soy-protein films it has been shown to
have reduced WVP and increased tensile stress (Miller and others 1997). Heat curing
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(annealing) involves the exposure of the substrate to one or more cycles of increased
temperature causing the molecular structure to rearrange or relax. A thermoplastic
polymer becomes reversibly fluid when heated while thermosets become molded, this
is a result of more crosslinks being formed in thermosets than in thermoplastics.
Curing acts by promoting the formation of disulfide and hydrophobic bonds. It can
significantly increase tensile strength though it may decrease elongation. In soy films
heat treatment has been shown to have more effect on film WVP and mechanical
properties than enzymatic crosslinking (Miller and others 1997).
Heat cured films are more yellow and stronger and less extendable. In the
above work film with the best strength and barrier properties resulted from curing at
80 0C at 80 % RH for 5-10 h (Miller and others 1997).
1.1.4 Health and safety implications
The proposed coating is intended as a food contact surface which is defined as
‘any substance that is intended for use as a component of materials used in
manufacturing, packing, packaging, transporting, or holding food if the use is not
intended to have any technical effect in the food’ (sec 409(h)(6) of the Federal Food,
Drug, and Cosmetic Act). In the case of the proposed material, WP is a nutritional
foodstuff, and the nanoclays and bentonite (montmorillonite) are considered generally
recognized as safe (GRAS) approved as packaging ingredients for dry foods, and as
anti-caking agent and for use in toiletries (toothpaste and antiperspirants) (FDA
1999). The safety aspects of the various raw materials used have been outlined in the
relevant sections of this review.
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Migration of molecules from the food-contact substance (FCS) into a
foodstuff is important, however, if these molecules will be in extremely low
concentrations, then even with 100% migration the amount the consumer could be
exposed to would be extremely low (FDA 2007). It is, therefore, possible to
determine the potential migration issues without carrying out migration studies.
However, as the quality of the protective value of the material would be compromised
by loss of any of the components some migration work would be required (ASTM
E96-00) (EPA 1999; ASTM 2010).
Migration can be divided into three categories: Class 1 is non-migrating
materials with or without the presence of food, Class 2 is independently migrating
and not controlled by the food, however, the presence of the food may accelerate the
migration and; Class 3 is leaching, controlled by the food, negligible in the absence of
food and significant in its presence (Briston and others 1989). Types of migration are
shown in Figure 12.

Chapter 1 -

Figure 12 - Product-package interactions
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1.1.5 Sample testing
Water absorption of paperboard
This is generally calculated as the Cobb value (TAPPI 2009) –the amount of
water (gm2) that is absorbed over the test area under a water pressure of 10 mm
during a specified time, usually 60 s. Packaging materials are commonly sized to give
a Cobb value of approximately 20g/m2. A material with a Cobb value of < 10g/m2 is
described as hard-sized and usually requires internal and surface sizing with
hydrophobic materials such as paraffin wax or polyurethanes (Andersson 2008). It is
noted that water absorptivity of paperboards coated with alginate was caused by the
coating materials absorbing water and swelling. Han and Krochta (1999) also showed
this result in their work on WPI with the amount of water absorbance increasing with
the thickness of the film. They concluded that WPI may work well as a binding agent
and a sizing agent after coating on the card.
Water vapor transmission and permeability analysis
Water vapor permeability (WVP) is calculated from the water vapor
transmission rate (WVTR) which is the amount of water vapor transmitted through a
unit area in a unit time under controlled conditions (this is often 23 C and 85% RH
to match realistic packaging environments). WVTR of coated paperboard generally
decreases exponentially with increasing coating layer thickness, however, this is
compromised by the presence of coating defects such as cracks, voids and pinholes
(Andersson 2008).
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The movement of water vapor is generally analyzed using ASTM E96 (WVP,
g mm/m2 h kPa) (ASTM 2010) or using the variation ASTM D1653-03 (ASTM
2003) which is specific for films. This is calculated by setting up a method whereby
water vapor moves through the film from an area of high humidity to one of lower
humidity. For simplicity of calculation the greater the difference between the RH of
each side, the better.
For a free film it is important to take into account the face that was exposed to
air during drying is the ‘up’ side. So with the dry cup method where the up side was
exposed to the high RH environment this is ‘face up’ and to the low RH environment
this is ‘face down’. This may be required to determine if there is any phase separation
between layers. In this case a straight line observation of 6 properly placed points
indicates a steady state water vapor transmission process. The slope of the line is the
WVT rate and an R-square value above 0.95 is required.
A modification of this method has been developed where corrections for
resistance to the still air layer and correction due to resistance offered by the
specimen surface may be applied (Andreuccetti and others 2009).
For samples containing gelatin and hydrophilic plasticizers a range of 0.54 to
0.95 (Thomazine and others 2005), 0.3 to 0.59 (Vanin and others 2005) and 0.44 to
1.23 (Jongjareonrak and others 2006) was obtained, and a simple gelatin film was
0.54 ± 0.03 g mm / kPa h m2 (all results converted from original units by
(Andreuccetti and others 2009). McHugh et al (1994), working with whey protein,
obtained results which ranged from 0.8 to 2.12 g mm / kPa h m2 (where 2.12 is a
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sample with no lipid content) in samples containing some waterproofing agents and
no nanoclay. These results were significantly higher than any obtained in this work,
however, their procedures were carried out under different conditions including
different RH, use of the wet cup and not the dry cup method and with an external
airflow which may have reduced the influence of stagnant air in the samples
(McHugh and Krochta 1994a). This is a general issue with regard to determining the
comparability of results so, for trials of this sort, use of an in-house control and
comparison of in-house results only will give a more accurate view of how different
blends compare to each other.
The standard method for testing WVP for films and for other coatings (ASTM
2003; ASTM 2010) does not require an airflow over the samples, particularly in the
case of the dry cup method used in this case, where it would not necessarily be of
benefit. Many researchers use the wet cup method and have a fixed airflow over the
surface. This has been shown to significantly increase the WVP with an increase in
water vapor permeability of hydrophilic films with an increase in air flow rate up to
152 m/min observed, after which the increase was negligible. Testing of films at the
expected conditions of actual use is necessary to quantify the practical water vapor
permeation through the films (Roy and others 2000). However, for this project which
is researching the comparison of film quality between samples, all samples were
analyzed using a standard repeatable method.
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Grease resistance
This is investigated by the application of various (dyed) testing substances
such as turpentine, vegetable and mineral oils to the surface of the material and
determination of the time to failure - the time at which the additive is present on the
underside of the material, this time required for transference is called the transduction
time (Ranganna 1986). For some types of analysis (using just an oil or grease for
example) it may be performed at a higher temperature to give an accelerated
comparison of how this may penetrate the packing material. The use of turpentine
gives an accelerated comparison of the relative rate of transduction of an oil or
grease.
The ASTM rapid method F119-82 is a rapid method for flexible barrier
materials (ASTM 2008) and was used for free-film analysis. Vegetable oil was used
as the analysis standard and samples were heated at 60 °C for the time of analysis.
The test was discontinued after 48 hours if no movement of grease through the
sample was seen
The accelerated test T454 om-10 (TAPPI 2010) is a rapid test comparing
relative grease-proofing. Turpentine was combined with a red dye and volume of
1.1 ml of colored turpentine was added a fixed quantity of sand placed directly on the
surface of the coated sample, the time when staining of the undersurface was
observed was recorded. A maximum time of 1800 s (30 min) was used due to the
reduction of effectiveness caused by the evaporation of the turpentine.
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Oxygen transmission rate
This is the quantity of oxygen gas passing through a unit area per unit time
under specified conditions of temperature, humidity and pressure (Andersson 2008).
Han and Krochta (1999) reported a significant reduction in oxygen permeability for
paperboard coated with denatured and undenatured WPI. Depending on its final
required usage, oxygen permeability analysis may give useful insight into the
functionality of the film.
Material thickness
In order to define the qualities of the materials it is important to delineate the
formulations, processing conditions and determine the mechanical properties analysis
which can be carried out. The thickness of the free film samples compared the ability
of the material to disperse, as the materials were allowed find their own level without
restriction. When a coating has been applied to the surface of the material the
thickness may indicate the degree to which the coating has been incorporated into the
pores of the card. The WVP analyses also require the thickness of the material to be
known. This procedure is carried out at multiple points to 0.01 mm, using a calibrated
micrometer, following the procedure for ASTM D1005 (ASTM 1995).
Coating weight
Coating weight is important to get a preliminary idea of whether the coat is
continuous or not. Surface sizing is unlikely to give a continuous coat, while also
increasing the amount of drying required. The coating weights were obtained by
subtracting the weight of the paper sheet, before the coating, from the coated paper
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sheets (Fernandes and others 2010). Analysis of moisture content can determine if the
samples at equilibrium are holding more or less water within their structures
depending on the additives and the processing methods used. Water acts as a
plasticizer for coatings, however, this increases potential for molecular movement
through the film structure and so reduces the barrier properties of the film (Gontard
and others 1993). This may also affect the film’s tensile properties – for example
increasing RH has been shown to decrease tensile strength. The materials may also be
subjected to contact with a high water content foodstuff and the overall integrity of
the material could be compromised. Thus a rapid test to determine the remaining total
solids after shaking in water for a fixed time can allow comparison between the
inherent integrity of the samples.
Color of film
The color analysis using a spectrophotometer at 600nm (within the visible
range 400 – 700 nm) gives a measurement of the light absorbed by a sample and is
the quantity of light absorbed by the sample as a function of wavelength (Reger and
others 2009). This allowed a specific comparison of both color cast in the material
and the degree of opacity obtained in the various materials.
Tensile testing
Tensile properties were determined by use of an Instron tester using ASTM
procedure 2370-98 (ASTM 2002). Tensile test is the most commonly used test for
evaluating materials. It involves gripping opposite ends of a test piece and applying
tensile force resulting in gradual elongation and eventual fracture of the test piece
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(Davis 2004). Load at break (Standard)(N) is the point at which the elastic limit of the
sample is obtained. Load is more accurately referred to as force and is measured in
newtons (Davis 2004) It is the stage at which, without further increase of load, the
piece draws out until it breaks (Khurmi 2005). Tensile stress at break (Standard)
(Mpa), also called ultimate tensile strength (UTS), is the maximum tensile stress a
material can sustain without fracture. It is calculated by dividing the maximum load
applied during the tensile test by the original cross sectional area of the sample. Time
at maximum load (s) shows the length of time without further increase of load a test
piece continues to draw out until it breaks (Khurmi 2005) and 4) ext at break
(E)(mm) which is the actual extension achieved before the sample breaks.
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1.2.1 Functional food development: carbonated flavored beverage
Introduction
The market for functional foods is large and still growing. Functional dairybased products including yogurts and drinkable yogurt-type products are easy to
formulate using probiotic bacteria (such as L. acidophilus and bifidobacteria), and
these products, especially those with added prebiotics, can improve intestinal flora.
Yogurts are an excellent source of nutrients and prebiotics and probiotics have
a symbiotic interaction which improves their benefits. Yogurt drinks and smoothies
containing yogurt remain popular, however, the idea of an effervescent yogurt drink
has not attained the same level of popularity, particularly in the US (with the possible
exception of kefir which appears to be accepted even if it is not as ubiquitous as other
yogurt drinks). Fermented drinks have their origin as far back as 10,000 BC and there
is a wide variety of indigenous fermented milk products across the world (Robinson
and Tamime 2008). Other countries and regions produce variations in fermented milk
based drinks such as lassi (India), laban (Arab countries), doogh and mast (Iran and
Iraq) and ayran (Turkey and Lebanon). Buttermilk is also used as a (fermented) milk
drink (Nilsson and others 2008), however, these drinks do not necessarily naturally
contain large quantities of carbon dioxide. Doogh (and ayran) is a yogurt and water
drink that is often produced using carbonated water (Mortazavian and others 2010).
Probiotics are considered to be a desirable natural tool to maintain the healthy
balance of the human intestinal microflora by enhancing colonization resistance in the
intestinal, respiratory and urogenital tracts. Further they have been found to be
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involved in cholesterol metabolism and lactose metabolism, absorption of calcium
and synthesis of vitamins. They are also thought to improve the host’s immune
system by activating macrophages, eventually increasing the production of circulating
antibodies, increasing the levels of production of IgM and inducing the activation of
natural killer cells (Fuller 1992).
Lactic acid bacteria (LAB) are the most common type of microbes used as
probiotics. They have been used in the food industry for many years because of their
ability to convert sugars (including lactose) and other carbohydrates into lactic acid.
This not only provides the characteristic sour taste of fermented dairy foods such as
yogurt but also may create fewer opportunities for spoilage organisms to grow by
lowering the pH, thus preventing gastrointestinal infections.
Many studies have shown that the viability of probiotics in yogurt and
fermented milks can be low. Some L. acidophilus strains in particular suffer from this
issue, declining rapidly within a short number of weeks below the minimum
recommended numbers. In general, it is considered that minimum levels for probiotic
bacteria in yogurt is 106 viable cells per mL or g of product, in order to produce the
therapeutic benefits (Sarkar 2008; Dave and Shah 1997), while further research
indicates that levels at 107 or 108 CFU/mL might be considered satisfactory (LourensHattingh and Viljoen 2001; Bialonska and others 2009). The assumed therapeutic
levels for probiotic bacteria vary between jurisdictions so, for example, the Canadian
Food Inspection Agency requires that “A serving of stated size of a product should
contain a minimum level of 1.0 x 109 CFU of one or more of the eligible
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microorganism(s)” (CFIA 2011), while the European Food Safety Authority (EFSA
2010) recommends 108 CFU/serving for the alleviation of lactose intolerance. The
recommended level in the US is 106 CFU/g with regular consumption (400-500 g) of
products per week (Kailasapathy and Rybka 1997; Guo 2009).
The prebiotic inulin is a fructooligosaccharide and has the ability to
selectively promote the growth of healthy intestinal bacteria, specifically
bifidobacteria (Guo 2009). The symbiotic relationship of prebiotics with probiotics
such as bifidobacteria result in increased growth of the bacteria and production of
short-chain fatty acids (butyrate, acetate, propionate, etc.) which both provide energy
and acidify the bowel, thereby producing a less advantageous environment for
pathogens (Charalampopoulos and others 2002).
Carbon dioxide (CO2) has many functions in food preparation; it is the
product of fermentation which causes the rise in bread dough, and the bubbles in beer,
however, apart from carbonated beverages, CO2 is not commonly added to foodstuffs.
CO2 is thought to have several different functions with regard to its positive or
negative influence on specific strains of bacteria – having a bacteriostatic effect on
some and a stimulatory effect on others. It acts in various ways - displacement of
oxygen, alteration of the pH of the cell interior and interference with cellular enzymes
(Singh and others 2012). Lactobacilli are microaerophilic or anaerobic and so the
displacement of oxygen in the product may have had an effect on improving the
survivability of these bacteria.
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The limitation of CO2 addition depends on its appeal to the consumer. Where
consumers have not previously encountered carbonated beverages (or, more likely,
carbonated dairy beverages) it is expected that there will be some acceptability issues,
especially where the consumers’ perception is that the beverage has spoiled.
However, yogurt drink has been shown to be successful, and taste panels on the
product have indicated that carbonated yogurt may be preferable for people who
dislike yogurt. Studies have also concluded that the addition of CO2 to milk drinks
increased flavor and sweetness, while in low acid drinks they increased sourness. It
has also been shown that people who enjoy both yogurt and carbonated drinks are
more likely to accept a carbonated yogurt drink, and further that, having tried a
carbonated yogurt drink, they are generally more inclined to endorse the idea of a
carbonated yogurt (Taylor and Ogden 2002) – in other words, overcoming neophobia
is a big step in acceptance of this product.
Yogurt and yogurt drinks have been beneficiaries of food’s new perceived
nutraceutical or functional role. The continued increase in knowledge of the health
attributes of cultured dairy products is a win-win situation for both consumers and
manufacturers.
1.2.2 Probiotics, starter cultures and probiotic foods
Probiotic definition
A probiotic is defined as "a preparation of or a product containing viable,
defined organisms in sufficient numbers, which alter the microflora by implantation
or colonization in a compartment of the host and by doing that exert beneficial health
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effects on the host" (Schrezenmeir and de Vrese 2001). The probiotic organisms must
be of human origin and be resistant to destruction before reaching the colon and be
able to colonize the gastrointestinal tract once they reach it. The FAO / WHO (Food
and Agriculture Organization of the United Nations / World Health Organization
(WHO), also requires that the probiotic be identified at a strain level, be assessed for
safety in phase 1 human trials and to have been proven to be efficacious in human
trials (FDA/WHO 2002) The probiotic cells must also be live, other materials which
have been said to have probiotic properties including dead bacteria (paraprobiotics)
and bacterial products (postbiotics) are not included in the current definition (Taibi
and Comelli 2014).
Probiotics must be resistant to enzymes in the mouth and to digestion in the
stomach and intestinal tract, a process which takes around 90 mins (Berrada and
others 1991). The bacterial cells are under stress in the stomach at a pH of as low as
1.5 and must be able to resist, or be tolerant of, bile in the upper intestine. Finally,
they must be able to colonize the lower intestine and this survival was shown to be
strain specific (Gibson and others 1995). The requirements for probiotic status are
detailed in Table 5. Beneficial effects of Lactobacillus and Bifidobacterium are
widely accepted. A review by de Roos and Katan (2000) of 49 trials carried out in
the period 1988 to 1998 reviewed showed that Lactobacillus GG (22 studies),
Lactobacillus acidophilus (16 studies), Bifidobacterium bifidum (6 studies), and
Enterococcus fecium (7 studies) were the most commonly studied at that stage.
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Starter cultures
Starter cultures are required in yogurts both for the legal definition of ‘yogurt’
and for their technological benefits. The starter cultures increase the acidity of the
product by production of lactic acid and in dairy based products they have a
synergistic effect on each other. S. thermophilus stimulates the growth of L.
delbrueckii subsp. bulgaricus as it produces formic acid, carbon dioxide, and
pyruvate while in return the L. delbrueckii produces glycine, histidine and proteolytic
enzymes that boost nitrogen availability for the S. thermophilus. Yogurt prepared
from cultures of L. delbrueckii subsp. bulgaricus and S. thermophilus has functional
effects in inhibiting tumor progression and promotion, and enhancing host immune
response. However, being generally sensitive to high bile and acid conditions as
found in the intestine, it has a limited function under the current definition of
‘probiotic’ (Galdeano and others 2007)
Starter cultures and probiotics can be purchased ready combined for use in
commercial processing. The combination in use here was a frozen starter culture
containing Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus and two probiotics - Lactobacillus acidophilus, and Bifidobacterium spp.
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Table 5. - Requirements for status as probiotic bacteria

Requirement for Probiotic Status1
the microorganisms should:
Resulting in:
Be of human origin.
prolonged transient colonization.
Be non-pathogenic / safe.
proposed health effects are verified
no health risk to consumer.
Be resistant to pasteurization.
Be resistant to destruction by
survival of passage through the
pancreatic enzymes, gastric
intestinal tract.
acid and bile.
Be able to adhere to the
intestinal epithelial tissue.
Be able to colonize the
gastrointestinal tract.
Be persistent in the human
intestinal tract.
Have positive effects including: immune modulation.
pathogen exclusion.
enhanced healing of damaged mucosa.
production of antimicrobial substances
influence on human metabolic
activities antagonism to carcinogenic and
pathogenic bacteria.
Beneficial effects of probiotics detected in various clinical trials 2
Modulation of intestinal flora.
Modulation of immune response.
Lowering of fecal enzyme activities.
Increase in fecal fatty acid content.
Improvement of constipation.
Alleviation of atopic dermatitis symptoms in children.
Reduction, prevention or treatment of various diarrheal diseases.
Positive effects on superficial bladder cancer and cervical cancer.
Required technological properties 2
Oxygen tolerance.
Strain stability.
Production at large scale.
1
Ref: (Guo 2009; Saarela and others 2002)
2
Ref: (Mattila-Sandholm and others 2002; Ouwehand and others 2002)
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Probiotic fermented foods
The consumption of foodstuffs containing probiotics is considered
advantageous with many different positive qualities being attributed to these bacteria.
In Europe the largest portion of the market for probiotics is in yogurt and desserts,
with these making up more than half of the value of the probiotic market, and with a
projected market growth of 7-8% per year (Saxelin 2008). In North America, the
probiotics market for human nutrition has revenues of US$1.3 billion, with about 150
companies operating in this market. More than half of yogurt sold in the United States
is formulated with probiotics (Rajagopal 2012). Yogurt, buttermilk, sauerkraut, kefir
and fermented soy all have live lactic acid bacteria and are suitable for the growth of
probiotics.
L. plantarum is generally found in lactic acid fermented foods of plant origin,
e.g., brined olives, salted gherkins, sourdough, Nigerian ‘ogi’ (a weaning food made
from maize, sorghum or millet), Ethiopian ‘kocho’(made from a starchy root called
enset), and Ethiopian sourdough made from ‘tef’ (a cereal similar to millet) (Molin
2001). Two papers have been published on the production of an oats-based probiotic
drink (Angelov and others 2006; Gokavi and others 2005). L. plantarum was added in
both cases and L. paracasei and L. acidophilus to the product developed by Gokavi.
There are two important aspects to be considered when using probiotic strains
in foodstuffs. The first is the actual function of the probiotic in vivo and the second is
the technological issues of usage; processing, survival, palatability, etc. If both
aspects are not in place then the overall functionality of the probiotic is limited.
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Functionality of probiotics
The health effects associated with probiotics are numerous; however their
activity is varied and depends upon many factors including strain, survival in the gut,
symbiosis, etc. The majority of research work carried out into probiotics has focused
on their direct influence on the gastrointestinal system. ‘Colonization’ is the ability of
the bacterium to multiply at the point where it adheres to the intestine and
‘persistence’ is the length of time it remains in the system once the external
supplement has been discontinued. Lactobacillus and Bifidobacterium species can
resist gastric acid, bile salts and pancreatic enzymes and they can adhere to the
intestinal mucosa and readily colonize the intestinal tract, inhibiting pathogenic
bacteria (S. typhimurium, S. aureus, E. coli, C. perfrinigens, and C. difficile) (Rolfe
2000). Colonization is not limited to probiotics, for example a study by Uyeno (2008)
showed that while bacterial levels in the gut were altered by live bacterial yogurt
consumption, this alteration did not vary between yogurts containing probiotics and
those which did not. Therefore, the positive effect of the former must be from a
different mechanism than just modification of the intestinal microbial community.
Among the potential benefits from the use of probiotics are increased
resistance to infectious diseases; prevention of gut, vaginal and urogenital infections;
prevention of diarrhea and gastritis (Preidis and others 2011), inhibition of enteric and
food borne microbial pathogens (Kilic and others 1996; Nagpal and others 2012);
regulation of hypertension (Klaver and van der Meer 1993; Lee and Salminen 1995;
Lye and others 2009); and regulation of serum cholesterol (Kailasapathy and Chin
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2000; Lye and others 2009). Trials have also shown probiotic foods to have an
antioxidant effect on the liver and pancreas of rats, delaying various symptoms of
diabetes including hyperinsulinemia and hyperglycemia (Ejtahed and others 2012).
An analysis of trials administering probiotics to pregnant and breastfeeding mothers
showed a reduction of the appearance of eczema in their infants. Interestingly this
effect was not seen when probiotics were administered to the infants directly, nor if
the supplementation is only prenatal (Rautava and others 2012). Necrotizing
enterocolitis is an acquired disease of the gastrointestinal tract and is particularly
prevalent in preterm infants (7% prevalence, with a mortality rate of between 30 and
50%). The ability of probiotics to colonize the intestine and both compete with
pathogenic organisms and improve the functionality of the mucosal barrier of the gut
may help to reduce the effects of this disease. Work by Wang and others (2012)
showed a significantly (P < 0.0001) decreased risk of NEC in this cohort of infants
(very low birth weight infants) and a reduction in risk of death that was also
significant (P < 0.001) after supplementation with probiotics.
Probiotics have been shown to have effects on the mucosal immune response
to bacteria. For example Lactobacillus casei has been shown to down-regulate the
production of cytokines on cells challenged with Shigella strains, thus having an antiinflammatory effect (Tien and others 2006). They act by various methods, including
attachment to receptors on the surface of intestinal epithelial cells triggering
immunological defense mechanisms (Saad and others 2013). A protein (P40) derived
from Lactobacillus rhamnosus GG (LGG) has been shown to activate a receptor in
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intestinal epithelial cells allowing for improvement of the intestinal cell wall barrier
function against injury and colitis and reduction of apoptosis (Yan and others 2013).
In a randomized, double-blind placebo-controlled trial Steed and others (2010) found
that a mix containing B. longum showed reductions in Crohn’s disease activity. A
joint summit of the FAO/WHO (2002) concluded that various probiotics, certain
enterococci and the probiotic yeast S. boulardii have shown conclusive positive
effects in clinical studies in the prevention of some types of diarrhea.
Also beneficial is the improved nutrient availability in the fermented food
itself. Lactose intolerance may be reduced by intake of lactose positive bacteria such
as Lactobacillus, Bifidobacterium and Streptococcus, which produce β-galactosidase,
a hydrolase enzyme which helps increase digestibility of lactose. Probiotics may also
reduce serum cholesterol levels as a result of short chain fatty acid (SCFA)
fermentation, cholesterol assimilation by the probiotic bacteria, cholesterol binding to
the cell wall and enzymatic deconjugation of the bile acids by gut bacteria (Pereira
and Gibson 2002b; Pereira and Gibson 2002a). In the previously mentioned study by
Gokavi (Gokavi and others 2005), of the benefits of a combination of L. plantarum,
L. paracasei and L. acidophilus, it was determined that these probiotics had an ability
to remove cholesterol from media and also (by use of Caco2 cell lines) indicated that
colonization of the intestinal tract is possible .
One potential benefit of probiotics which is currently receiving attention is
their effects on ameliorating some of the symptoms of autism. Autism spectrum
disorder (ASD) impairs social interaction and communication and there are many
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factors which are considered when determining the presence of autism, including
genetic interactions, chemical and virus exposure, dysfunctional immune systems and
nutritional deficiencies or overloads.
The gut microbiota is very important for the breakdown of various food
materials which are not otherwise digestible (Louis 2012). The human genome does
not have enzymes which degrade many of the plant polysaccharides however the
distal gut microbiome can break down these materials. It is thought that around 10%
of available calories in a western diet come from microbial fermentation of
carbohydrates in this part of the intestine (Mulle and others 2013). This adds
nutrients to the body and adds a lot of the benefits previously discussed such as
modulation of the immune system etc. However it is now becoming clear that there
are also wider effects including modulation of brain activity and behavior and so it is
thought that gastrointestinal symptoms may play a role in ASD (Louis 2012).
This correlation between gut dysfunction and ASD, while not necessarily
showing a clear cause and effect, does seem to indicate a way of reducing the
symptoms and their severity. For example D-arabinitol (DA) is a metabolite of most
pathogenic Candida species and its presence in urine is seen to be higher in autistic
patients. One study (Kałużna-Czaplińska and Błaszczyk 2012) showed that after
probiotic therapy there was a marked drop in D-arabinitol (DA) and at the same time
an improvement in the subject’s ability to concentrate and ability to follow orders.
Another study of preterm newborns showed that, at one year of age, infants who had
been given supplementary probiotitics had both a significantly (P < 0.01) lower
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candida colonization present in stool than those that did not, and they also showed
lower incidence of abnormal neurological outcome than the control group (Romeo
and others 2011).
The benefits of the influence of the gut microbiota on the central nervous
system and its influence on brain function and behavior of is not limited to subjects
with autism however and there is increasing evidence that behaviour,
neurophysiology and neurochemistry can be affected by the gut microbiota (Cryan
and Dinan 2012).
Functional / technological aspects of probiotics
Many aspects of usage of probiotics are related to the usability of a particular
strain instead of the direct benefits to the consumer. The viability of probiotics in a
food matrix depends upon pH, storage temperature, oxygen levels and presence of
competing organisms and inhibitors. The principal attribute that probiotics generally
do not possess is an ability to rapidly ferment the product to which they have been
added, which is a serious limitation in their usage in fermenting foods. It is almost
always preferable to add the probiotic in conjunction with a specialized starter
culture. This combination may lead to complications, however, as a result of
interactions, some being positive and some negative and are generally strain-specific.
The storage conditions of the bacteria before addition (freeze dried, frozen,
microencapsulated, etc.) will have an influence on the relative viability of the
organisms being added (Mattila-Sandholm and others 2002). The starter should be
able to multiply and ferment the product without overwhelming the probiotic strains
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in the mix and the effects of the metabolites formed by the starter (including lactic
acid, hydrogen peroxide and bacteriocins) on the survival of the probiotics must be
determined. At the end of fermentation the probiotics must be present in sufficient
numbers (i.e. greater than 106 CFU/g) to have therapeutic value. The pH changes
during processing, prebiotics, inhibitory and non-inhibitory ingredients in the product,
and process and storage temperature are all important issues and all will have
differing effects with different probiotic strains.
Use of traditional starter cultures, such as those used in fermented milk
products, has led to an assumption of generally recognized as safe (GRAS) for these
bacteria. However it is important to note that the less well researched new probiotics
may not be as safe as those used traditionally. Marteau's review of the safety of
probiotics (2001) concluded that the strains in general use at that stage had excellent
safety and one recent study of probiotic strains used in trials on infants under the age
of two found that administration of the evaluated stains of probiotics was safe (van
den Nieuwboer and others 2014) while another had a similar conclusion but
recommended evaluation of each patient before administering probioitics (May and
So 2014).
1.2.3 Prebiotics
Prebiotics are short chain carbohydrates that cannot be digested by digestive
enzymes in humans and they "selectively stimulate the growth and/or activity of one
or a limited number of bacteria in the colon” (Parvez and others 2006). They are
considered to differ from dietary fiber in that they have a recognized interaction with
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specific species of bacteria – the most common being the interaction of, for example,
fructooligosaccharides with bifidobacteria (Schrezenmeir and de Vrese 2001). Under
its strict definition only oligosaccharides are considered to be ‘prebiotics’ with
fructooligosaccharides recognized as the principle type. Oligosaccharides also include
lactulose, fructooligosaccharides (FOS), and transgalacto-oligosaccharides. They are
found principally in two forms: galactosyl derivatives of sucrose, stachyose and
raffinose, and fructosyl derivatives of sucrose and fructooligosaccharides
(Charalampopoulos and others 2002).
Research into the advantages of using FOS determined that a diet containing
10% FOS resulted in significant reductions in plasma triacylglycerides, and this was
associated with a lowering of VLDL (Fiordaliso and others 1995; Taghizadeh and
others 2014). Fructooligosaccharides have been found to be efficient substrates for
most strains of bifidobacteria both in vitro (Ward and others 2006) and in vivo
(Langlands and others 2004), and Luo (1996) showed that the consumption of short
chain FOS was a controlling agent for glucose production (Gibson and Wang 1994;
Gibson and Roberfroid 1995; Luo and others 1996; Al-Sheraji and others 2013).
Inulin is a natural food ingredient found in many vegetables and obtained
industrially from chicory roots. Inulin from chicory contains 10 % mono- and
disaccharides and approximately 30% oligosaccharides. These result in a reduced
sweetness for the product and as it is not broken down by the human digestive
system, it has a low dietary energy value (Roberfroid 1999; Al-Sheraji and others
2013). It is fermented by colonic bacteria and can be classified as both a dietary fiber
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and as a prebiotic. Inulin is also useful as a technical ingredient, as it is neutral in
taste, interacts well with intense sweeteners to give a more natural sweetness, is
colorless, has minimal interference with organoleptic properties (Murphy 2001). It
also facilitates the absorption of calcium and possibly magnesium and so reduces the
risk of osteoporosis (Ohta and others 1995; Holloway and others 2007), and can
stimulate the growth of probiotics, specifically Bifidobacteria, enhancing their
functional benefits (Macfarlane and others 2008). This symbiotic effect may take
place both in the food and in the intestine.
The mechanisms by which prebiotics act are still under investigation but seem
to involve modifying gut health, production of antimicrobial compounds, site and
nutrient competition with pathogens in the gut, and production of lactase.
Experimental work has shown that the effects of fructooligosaccharides and other
similar nutrients (such as resistant starch) on fecal bacteria are additive – in other
words they work independently and by different mechanisms (Topping and others
2003).
1.2.4 Carbon dioxide
Carbon dioxide (CO2) is present naturally in freshly drawn milk (Ravindra
and others 2012). While natural spring water may fizz due to CO2 found naturally in
the water, water was first artificially carbonated in 1767 by the English scientist
Joseph Priestly (Schils 2012) who produced the first soda water. A friend of his Jacob Schwepps – took advantage of this and made it a commercial product in 1792,
creating artificially carbonated water (Chapelle 2005).
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Much research has gone into determining the benefits of CO2 in various
processes such as increasing the shelf life of milk, yogurt, ice cream mix and yogurt
(Ravindra and others 2012). Further, there is some evidence that addition of CO2 can
maintain flavor of products for longer than other preservation techniques and enhance
sweetness and intensity (Yau and others 1989). But few of these seem to have
developed into commercial use. Because CO2 is considered GRAS in foodstuffs
(FDA 1979), carbonation is cheap and straightforward, and carbonation appears to
have food safety applications. Thus, it seems that CO2 should have more potential
uses than simply in carbonated beverages.
Many traditional beverages are made using fermentation processes, partly for
their preservation effects. In India for example, approximately 9% of total milk is
converted to fermented products, this includes lassi and chaas (cultured buttermilks).
Other products, such as kefir, yogurt and koumiss are all fermented in various ways.
These products, which naturally contain CO2, have a 2 to 3 day shelf life at room
temperature, extending to 2-3 weeks if refrigerated. The milks spoil due to microbial
factors, and CO2 addition may have an inhibitory effect on many of the major
spoilage organisms (Ravindra and others 2012).
CO2 is thought to have several different functions with regard to its positive or
negative influence on specific strains of bacteria – having a bacteriostatic effect on
some and a stimulatory effect on others. For example it has been found to extend the
lag phase of spoilage microorganisms. This study also showed that CO2 did not
particularly affect the logarithmic phase (King and Mabbitt 1982), so it is likely that
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at the time it is added to the product (within 12 hours of production of the yogurt) it
will not have a suppressing effect on the starter cultures or probiotic bacteria.
Lactobacilli are very resistant to CO2, and can both survive and grow in 100%
CO2 (Shaw and Nicol 1969). CO2 also has its major effect in the lag phase of
bacterial growth and it is much reduced in the log phase (Singh and others 2012), so
since the carbonation occurred into the stationary phase this may also have reduced
its influence on the probiotics. L acidophilus often shows dramatic loss during
fermentation and storage and the main reason for this is the increasing level of
hydrogen peroxide that L delbrueckii subsp. bulgaricus produces in the presence of
oxygen. Thus it is possible that if the oxygen is displaced by the CO2 causing lower
production of hydrogen peroxide. This may result in an increase in survival of
lactobacilli.
Psychrotrophic spoilage organisms are affected by the reduction in oxygen
levels, so if these were present and increasing then this would be expected to have an
effect on the survival of the probiotics in the non-carbonated products. Lowering of
the pH can also have an effect. CO2 produces carbonic acid in the aqueous phase of
the food and it is thought that this may alter the intracellular pH and so interfere with
bacterial enzyme activities (Singh and others 2012). In aqueous media, liberating H+,
results in a reduced pH and increased acidity of the beverage. It is thought that this
may alter the intracellular pH and so interfere with bacterial enzyme activities (Singh
and others 2012; Ravindra and others 2012). The relative concentrations of CO2 and
its deprotonated forms depend on the pH of the water – at pH above 6.5 it is in
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bicarbonate (HCO3-) form and at greater than 10.4 it is carbonate. It is possible that
the buffering effect of the milk at lower pH may interfere with this process and
prevent the undissociated form of the carbonic acid from being absorbed into cells.
The displacement of oxygen and acidification of cells are possible
mechanisms for the process of suppressing certain microorganisms (Karagül-Yüceer
and others 2001), however, these do not account for all CO2 effects. Experimental
work has shown that when displaced oxygen is returned to a product (milk) after
carbonation this did not prevent the inhibitory effect of the CO2. The concentration of
the CO2 is important along with the type of product and type of microorganism.
Though acidification of the product may be a factor, experimental work has also
shown that CO2 has an inhibitory effect more pronounced than a comparable sample
material (milk) acidified with HCl, indicating that other factors are at work (King and
Mabbitt 1982). The effect specifically caused by CO2 appears to have a direct effect
on the metabolism of microorganisms (Vinderola and others 2000). This is thought to
be an influence on biochemical pathways.
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Figure 13 - Carbonation pilot plant (Zahm and Nagel, 2014)
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The principal limitation on the use of CO2 is the difficulty of pumping it
through a viscous material, and there is a maximum volume of CO2 which can be
introduced into the product due to its viscosity. Use of a closed pressurized
continuous carbonation system can reduce or eliminate carbon dioxide waste and
increase saturation of the product. Figure 13 shows the unit used in this project work.
The factors which accelerate this dissolution of CO2 into the yogurt substrate include
elevated pressure and increased interfacial area between the two. Temperature is also
very important - as the temperature decreases, the CO2 saturation levels increase
(Taylor and Ogden 2002).
1.2.5 Stabilizer (pectin)
These yogurt drinks, while considered comparatively high viscosity when
dealing with issues of CO2 addition are actually low viscosity relative to yogurt. They
must be stabilized or they rapidly separate into sedimented milk proteins and a liquid
upper section. This has an unattractive appearance and would have a negative effect
on purchasers. Stabilizers can also help avoid development of a chalky mouthfeel.
The stability and thus the quality of the yogurt drinks depend on milk solids
content, size and surface area of casein particles and fat globules, pH and ionic
strength of the drink and mechanical and thermal treatment during manufacture.
Stabilizers must help alleviate these issues acting as thickening agents and increasing
water-binding capacity (Liu and others 2006). The correct hydrocolloids can help
improve the viscosity, inhibit syneresis, and achieve proper mouthfeel (Syrbe and
others 1998).
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The principal stabilizer used in this research was high-methoxyl (HM) pectin
which consists of 1,4-linked alpha-D-galacturonic acid. This product’s functionality
is particularly suited to milk-based products which have a pH range from 3.7 to 4.3.
In a product such as a yogurt drink HM pectin is added to the milk product at higher
pH followed by product acidification, resulting in a gel that is maintained at low pH
values.
The pectin addition can also improve mouth-feel by reducing ‘sandiness’.
When the pH of a milk product decreases, the negatively charged casein molecules
become less charged and repel each other less, this allows aggregation giving the
product a sandy texture. HM pectins act by adsorption of negatively charged pectin
onto the surface of the casein particles reducing their ability to aggregate at pHs
between 3.2 and 4.5 (this process does not work effectively outside of this pH range).
Therefore HM pectin’s functionality is particularly suited to fermented milk-based
products within this range (Thibault and Ralet 2007).
1.2.6 Flavoring (pomegranate concentrate)
Pomegranate is a fruit native to the middle-east, and makes up the majority of
the family punicae. This has resulted in an unusual biochemistry; for example the
seed contains a rare fatty acid - punicic acid which belongs to the class of trans-18
fatty acids called conjugated linoleic acid (CLAs) which have effects on halting
cancer (Kim and others 2002). Some other potential benefits of various parts of the
pomegranate fruit and plant include anti-microbial, anti-parasitic, anti-viral and anticancer effects (Ongol and others 2007). Pomegranate juice contains between 0.2 and
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1% soluble polyphenols and is rich in tannins which have anti-atherosclerotic
properties (Aviram and Dornfeld 2001).
Addition of this fresh juice to a carbonated product would therefore seem to
be advantageous in adding these benefits. Research on the influence of pomegranate
tannins on intestinal bacteria indicates that while these will likely not have a
significant effect on the survival of probiotic bacteria L. acidophilus and
bifidobacteria, they do have a suppressing effect on intestinal pathogenic species
(particularly gallic acid’s effect on Clostridium) (Bialonska and others 2009).
1.2.7 Nutritional aspects of whey protein concentrate
Whey proteins are nutritious, and are a rich source of branched-chain amino
acids (BCAA), leucine, isoleucine and valine (Farnfield and others 2009). BCAAs are
soluble at the pH of the digestive tract and increase blood amino levels in a much
shorter period of time after ingestion compared to other protein sources which must
be predigested to first make them soluble.
1.2.8 Organoleptic properties
While higher levels of carbonation may result in significant changes in pH or
of bacterial growth it has been noted that voluntary fluid intake of beverages
(nutritional sports drinks) decreased at levels above 2.3 volumes of CO2 thus reducing
the practical usefulness of such a product as a drink (Passe and others 1997).
Referring to a brewer’s chart it can be seen that 1.5 to 2 volumes of CO2. The
carbonation in the yogurt drink, found to be approximately 1.9 volumes CO2,
corresponds to the level of carbonation found in stout, brown ale, barley wine and
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bitter (Hough and Briggs 1982; Hance 2009). In a trial by Wright (2003) the group
mean detection threshold for carbonation in Swiss-style yogurt was determined to be
263 ppm. In another study the threshold levels of carbonation of milk determined by
sensory evaluation showed sub-threshold to be < 0.60, low, 0.74, and high 1.42,
carbonation levels (volumes CO2) and that higher levels than 1.42 CO2 volumes
caused ‘mouth burning and discomfort’(Lederer and others 1991). For future analysis
of acceptability the panel be assessed for both their potential for acceptance of a
carbonated milk and for their preference for drinking milk beverages or not (Yau and
others 1989).
It is difficult to ascertain the popularity of kefir (the closest type of product to
the experimental product) in the general population in the US. As recently as 2006 it
has been acknowledged that there is difficulty obtaining consumption numbers for
fermented drinks and kefir in particular (CFIA 2011), while a recent search has failed
to determine a more specific answer. It is to be assumed therefore that fermented
dairy drinks and, by extension, kefir, do not make up a significant volume of the dairy
products consumed in the US. There is therefore potential for built-in resistance to
our product due to neophobia which may skew results.
Human judgment has a tendency to be relative and tends to be influenced by
external factors. Humans are very poor at absolute measurement but good at
comparing things. In a taste panel where evaluation of a product is compared to
another product the scale rating of the trial may be affected if the comparison product
is either extremely good or very mediocre. In the case of a taste panel ‘bias’ implies
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that the response is influenced in some way to be an inaccurate reflection of the actual
sensory experience. On the one hand, the product is expected to perform on the
market against these products, so it is important to know how the panelists viewed the
samples against a commercial product, however, as we have a niche product this
comparison may lose some of its importance.
The issue which arises with the human tendency to make comparisons is how
to determine ratings, for example sweetness, creaminess, etc. Each person will put
their own stamp on this process. This, of course, causes problems for attempting to
view ratings as absolute, or as comparable across different times, sessions or settings
(Milosevic 1997). Allowing the consumers to determine their interpretation of
acceptability, texture and flavor for each attribute reduces the potential for time and
location related bias.
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CHAPTER 2: FUNCTIONAL PROPERTIES OF WHEY PROTEIN BASED
NANOCOMPOSITE COATINGS
Helen Walsh1, Juncai Hou1, Ming Ruo Guo1.
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VT, 05405 USA
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ABSTRACT

The usefulness of whey proteins (WP) as the polymer matrix for food packaging
material is limited due to their small molecular size and chemical structures.
Polymerizing whey proteins and the incorporation of expandable nanoclays
(smectites) may, with the advantage of the nanoclays’ large surface area, decrease
water vapor permeability (WVP) and improve WP’s natural gas and oil barrier. A
polymerized whey protein (PWP) based nanocomposite coating containing modified
montmorillonite clay (Cloisite 30B), plasticizers (glycerol, sorbitol, polyethylene
glycol (PEG) 400), preservative (potassium sorbate) and defoamer (silicor) was
formulated and compared with formulations prepared with alternative plasticizers
(polyglycerol (PG), PEG 8000) and/or waterproofing agents (acetylated
monoglycerides (AMG), wax). Analyses of WVP, moisture content, solids, color and
tensile properties were carried out. Varying the ratio of plasticizers, glycerol, PG,
PEG400 and PEG 8000, did not result in significant difference (P > 0.05) in WVP
between any samples or between non-sonified samples and those sonified for 3 min.
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Replacing glycerol with polyglycerol (PG) significantly (P < 0.05) reduced the WVP
from 0.280±0.02 gmm/kPahm2 for the control (PEG 400) to 0.170±0.02 / 0.180±0.0
gmm/kPahm2 at 20% / 25% PG respectively. However effect on samples containing
AMG or wax was not significant (P > 0.05). Load (N) was increased but other
mechanical properties were weakened. Use of sonication reduced WVP from
0.284±0.015 to 0.174±0.079 gmm/kPahm2 for control (PEG400), 0.281±0.04 to
0.151±0.018 gmm/kPahm2 with AMG, and 0.246±0.067 to 0.152±0.025
gmm/kPahm2 with wax for non-sonified, and sonified (8 min) samples, respectively.
There was no significant difference in WVP between samples containing AMG or
wax compared to control at any time point except wax samples at 4 min (P > 0.05).
All samples had better load and tensile stress resistance after sonication. Results
indicate that sonication process might be an effective means to improve water vapor
barrier. The PWP-based nanocomposite material may be a natural and safe alternative
to conventional coatings.
Keywords: Polymerized Whey Protein, Nanoclay,
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2.1 Introduction
Fossil fuels are the source of the majority of plastic materials used in
packaging, for both coatings and as freestanding materials (Sorrentino and others
2007). This results in materials which are environmentally unfriendly, both in
methods of production, and in difficulty degrading the products after use. This further
leads to problems with reclamation and recycling. (Sorrentino and others 2007).
About a third of plastics used in the US (market value $100Billion) are in packaging
(Mooney 2009) and a third of current packaging products contain materials which
have a very short usable shelf-life (Thompson and others 2009). Ultimately as the
materials of synthetic plastics account for around 4 % of world oil production (with
another 4% being required as for energy in the production process) and as fossil fuels
are a non-renewable resource, producing packaging from this type of material will be
unsustainable.
Plastics are extremely useful as they can be readily manipulated to fill the
requirements of almost any type of foodstuff. Foods in particular require packaging
which is multifunctional as well as being safe and non-toxic for the consumer and it is
important to produce packaging as a replacement which is of equal, or better,
functionality in comparison to the synthetics on the market
Many packaging materials are directly in contact with the food and have
significantly higher standards required of them as a result. Some synthetic plastic
coating materials face claims that they potentially have human health risks. The best
known example of an issue where packaging leaches, compounds may contain
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Bisphenol A (BPA), the base monomer of polycarbonate plastics and epoxy resins
which is widely used in various plastics, particularly in can liners, food boxes and
water-bottles. While reports vary on the amount of BPA which is thought to be
released into foodstuffs it is clear that very small quantities of BPA have been
implicated in a wide variety of health problems (Biles and others 1997).
Organic polymers have proved useful as edible coatings and have had some
limited success in coating of other materials. Proteins have been used successfully for
this purpose and the most commonly researched proteins include casein, gelatin,
collagen, and fish myofibrillar protein. Usable plant proteins include soybean protein,
corn zein, and wheat gluten (Zhao and others 2008). Proteins are generally
hydrophilic and crystalline with extensive side chains which are suitable for chemical
modification. They are in themselves nanomaterials (see Figure 1 for comparative
size of β-lactoglobulin (β-lg) and clay platelets) and have self-assembling properties
that add to their benefits as coating materials (Magnuson and others 2011). They are
good gas barriers due to their hydrophilic nature (though the side chains also have
some nonpolar groups) however this can cause processing and performance problems
as they are influenced by relative humidity - thus the requirement for blending or
lamination with other materials. One protein source which has not been investigates
as much is whey protein isolate (WPI), and polymerized WPI.
The proteins found in WPI have similar advantages to other proteins with the
added benefit of the degree of polymerization which can be obtained from the
structure of β-lg. The expanding availability of WPI as a by-product of an ever
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increasing volume of whey from worldwide cheese manufacturing is also an
advantage. Application of WPI to manufacturing helps it to be to reclaimed to both
reduce waste and pollution (Ling 2008) as it makes reclamation economically viable.
The process of polymerization results in an interconnecting network of proteins,
adding both strength and flexibility to the film. WPI is approximately 92-95% protein
(Kinsella and Whitehead 1989) and it has conformational advantages, related to
cystine residues in the B-lg proteins and their thiol groups which may improve its
abilities as a polymer over other protein sources (Alting and others 2003a). WPI has a
high content of β-lg and this has an advantageous structure of sulfuric bonds
(containing 5 thiol groups) which, when treated, allow it to form an interconnecting
network of proteins enhancing both strength and flexibility. WPI is polymerized by
raising the pH to well above the isoelectric point of the β-lg - pH 5.4 (Etzel 2004) or
5.2 (Ju and Kilara 1998) depending on type and increasing the temperature above 70
°C. This results in the proteins entering a state where disulphide bonds can break and
reform. When the bonds are broken the molecule can unfold, making internal bonds
available for interactions. These interactions result in molecular aggregation between
molecules and with available thiol groups producing new S-S bonds. The result is an
increase in viscosity of the solution caused by the larger polymer networks (Qi and
others 1997).
The main disadvantage to use of WPI (or any protein) for production of stable
waterproof materials is that it is hydrophilic. Polymerization reduces this slightly,
however, addition of other materials such as silicates to produce a hybrid material has
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been found to improve the property significantly. Layered silicates, such as
montmorillonite (MMT) clay, have a stacked arrangement of negatively charged
layers These ‘smectite’ (swelling) clays consist of clay minerals with a phyllosilicate
or sheet structure of about 1 nanometer and surface of about 50 to 150 nm in one
dimension resulting in a very large relative surface area (ratio of length to thickness)
resulting in a high aspect ratio (Sorrentino and others 2007).
When combined with proteins these types of silicate-polymer composites have
been shown to have improved mechanical, thermal and physicochemical properties
including improvements in elastic modulus, stability and gas / moisture / solvent
resistance (Uyama and others 2003).
Importantly, nanocomposites have been seen to have excellent barrier
properties as the molecules moving through the material have a longer path and so
moisture introduction is slowed (increased tortuosity) (Sothornvit and others 2009).
Also, at these sizes, the clays take on unique properties that are not present when the
material is in bulk form, principally due to the percentage of atoms available at the
material surface. This can make materials more chemically reactive and affect their
strength or electrical properties. As nanoclays are required in lower quantities than
other materials this can give advantages such as low density, transparency, good flow,
improved surface properties and recyclability (Sorrentino and others 2007). In order
for the clay to interact at a nanoscale level the clays must be correctly combined with
the polymer and clays such as montmorillonites act by intercalation, interfacial
adhesion or wetting, or by exfoliation.
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Whey proteins are crystalline, and films formed are very brittle, so when it is
to be used in a film it is necessary, for strength and flexibility, to add plasticizers.
Plasticization reduces the number of polymer-polymer interactions which makes the
material less brittle and crystalline and improves flexibility and toughness; it also
reduces the glass transition temperature (Talja and others 2007). Glycerol is a very
common food grade plasticizer, its function in a film or coating is to reduce some of
the bonding between protein chains, thereby improving flexibility. However, its
structure, containing three hydroxyl groups, makes it extremely hygroscopic and so
increases the effective water vapor permeability (WVP) of the material. While other
food-grade plasticizers used, polyethylene glycol (PEG) and polyglycerol (PG),
which also contain hydroxyl groups, do not give as effective flexibility to films, they
tend to impart lower WVP. In general it can be seen that the longer the chain the
proportionally fewer free hydroxyl groups available for interaction with the protein
polymer. Hydroxyl groups located at both ends of the polyol backbone are expected
to be more accessible to water molecules than the other hydroxyl groups and have a
lower affinity for water (Talja and others 2007). The PG used in this study is a linear
glycerol oligomer (Solvay Chemicals 2014) which has a lower quantity of available –
OH links in its structure than glycerol, making it less hygroscopic. However PG has
greater viscosity and molecular weight compared to glycerol. The reduction of
hydroxyl bond density also results in a higher glass transition temperature (Tg) which
is less advantageous as an ideal plasticizer will lower the Tg. (Mekonnen and others
2013). PEG is similar in structure to PG and each is expected to be biocompatible
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(Kainthan and others 2006) within the polymer matrix. PEG has moisture binding
sites at the ends of chains, therefore the heavier weight PEGs have vastly fewer
hydroxyl groups than the smaller weight ones.
As common plasticizers increase the hydrophilicity of the film it is necessary
to counteract this with waterproofing agents (Shellhammer and Krochta 1997). Lipids
are a useful material for this process. Waxes, which are organic compounds which
can be grouped as ‘lipids’ are solids with a melting point above 38 C which can melt
without decomposition. They can be natural (fossil waxes and non-fossil) and
synthetic (polyethylene and polypropylene waxes) or a combination (BYK-Gardner
2013). Beeswax has widely been used, as a laminate and in emulsions, however,the
strong surface energy to be found between polar and non-polar materials has been
shown to result in delamination. An emulsion-style formula may give better results
but it is common for phase separation to occur on drying (Shellhammer and Krochta
1997).
Use of commercially prepared liquid waxes may improve the waterproofing of
the material while being easier to incorporate in the film. Liquid waxes (wax
additives) can be produced by mixing molten wax with hot water and an emulsifier
and emulsifying under pressure at >100 C. This results in a mixture with a particle
size below 1 µm which can be combined with hydrophilic solutions (BYK-Gardner
2013). WVP has been shown have greater reduction when more when a protein
emulsion film contained a blend of two different lipids (Chen 1995). Lipid groups,
carbon chain length modifies the barrier properties. Acetylated monoglycerides
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(AMG) have been shown to be advantageous. The AMG product used here, made
from hydrogenated castor oil esterified with excess glycerine, has a saponification
(Sap) value of 435. In comparison beeswax has a Sap value of 89-103 (Danisco 2009)
which indicates that this product (AMG) has a longer carbon chain length. A decrease
in permeability is expected with an increase in chain length. With increasing
unsaturation, the melting point of the lipid decreases, and the barrier efficiency is
reduced (Guillard and others 2004).
The objectives of this study were to develop a natural coating material for
internal lining of bottle tops using a combination of whey proteins and nanoclay and
to evaluate the effectiveness of process conditions and added plasticizers in the
formulation
2.2 Materials and methods
Film materials
Whey protein isolate (92%) was provided by Fonterra Ltd (Auckland, New
Zealand); nanoclay was Cloisite 30B a montmorillonite (MMT) modified with a
quaternary ammonium salt (MT2EtOH-methyl tallow bis-2-hydroxyethyl ammonium
chloride) (Southern Clay Products, Gonzalez, TX, USA). Plasticizers glycerol,
sorbitol and polyethylene glycol (PEG) (MW 400, MW 8000) were purchased from
Fisher Scientific (Fair Lawn, N.J., U.S.A.). Polyglycerol (PG) (Polyglycerol 3) was
donated by Solvay Chemicals (Bruxelles – Belgium). An acetylated monoglyceride
(AMG) derived from hydrogenated castor oil, (Grinsted ‘Soft-n-Safe’) was donated
by Danisco (Danisco A/S, Brabrand, Denmark), Liquid wax (Parafine 30, Chembead

86

30) were gifted from BYK (BYK USA inc, Chester, NY, USA). Tributyl citrate was
purchased from Fisher Scientific (Fair Lawn, N.J., U.S.A.) and soy lecithin (liquid,
ImcosoyLec IP) was purchased from Imcopa (Paraná, Brazil). Other additives were
defoamer (Silicor) 1311 FG emulsion (defoamer) (Defoamer.com Inc, Bartlett, IL,
USA), and potassium sorbate (preservative) (Fisher Scientific, Fair Lawn, N.J.,
U.S.A.).
Film manufacture
Base solution (1): The quantity of water and WPI required to produce a 10%
protein solution was calculated. An aliquot (200 mL) of the water was held separately
and the remainder combined with WPI and mixed for 1 hour. It was then held at 4 C
overnight to remove foam. The remaining 200 mL water were combined with 5% (by
protein weight) of clay and 25% sorbitol, homogenized, and then sonified (Branson
sonifier, pulse mode, 50% amplification, sonic horn) in 30 s on / 5 s off mode for 30
min. Samples were sonified while held in an ice bath to reduce heating. The
clay/sorbitol solution was added to the WPI and mixed for 15 min to combine evenly.
The temperature was returned to 21C and pH adjusted to 7 using 5 M sodium
hydroxide.
Base solution (2): The base solution (1) was heated with constant stirring to
85C and held for 30 min, then cooled rapidly in ice water to 21C producing
polymerized whey protein (PWP) and clay. All final solutions contain (by protein
weight) 5% clay, 25% sorbitol, 2.0% potassium sorbate and 0.5% defoamer.
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Study 1: Variation of plasticizer levels at 0 and 3 min sonication
Clay and sorbitol were sonified as described in ‘base solution (1) and (2)’
above. PWP and clay solution was divided into 200 ml aliquots and all other
materials were added as required to each (Table 1). Variables with different
proportions of glycerol, PG and PEG 400 PEG 8000 levels were produced (Table 1).
Defoamer, preservative and waterproofing agents were all added. Each set was
produced in duplicate. Each batch was homogenized for one min and one set was
sonified for 3 min (40% amplitude, 30 s on / 5 s off). All samples were then placed in
a sonic waterbath for 60 min.
Study 2: Replacement of glycerol with PG at different addition levels
Clay and sorbitol were sonified as described in ‘base solution (1) and (2)’
above. Solution was divided into 200 ml aliquots and all other materials were added
as required to each. Samples were produced containing 25% (W/W Protein) of PEG
(8000) and 20, 25 and 30% PG. Variables contained either 1) no waterproofing agent,
2) 25% AMG / 25% wax, 3) 25% wax. These samples had no further sonication. Each
batch was homogenized for one min. Control batches were produced containing 25%
PEG 400 and 25% glycerol (standard product type) which had no initial sonication of
clay and sorbitol (C1) or had a 30 min initial sonication of clay and sorbitol as
described above (C2).
Study 3: Adjusted sonication times
Clay and sorbitol were sonified as described in ‘base solution (1)’ above. The
clay and WPI combination was divided into 200 ml aliquots. All samples had 25%
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PEG and 25% Glycerol added. For each time point three sets were produced: 1)
Control: no additive 2) Wax: 25% liquid wax (Parafine 30) 3) AMG: 25% AMG.
Each was sonified using the Branson sonifier for 1 to 8 min, using untreated as a
control. Each aliquot was then heat processed as described in base solution (2) above.
Film production
For each sample type the film solution was poured onto a teflon tray and
allowed to find its own level and dried for at least 24 h or until they peeled easily
from the surface without distortion. The films were removed from the coated surface
(assuming a usable film was formed) and stored at 50% RH and 25C.
Characterization of film
Film appearance
Opacity of the samples was determined using a Spectrophotometer (Genesys
10S UV-VIS Thermo Fisher Scientific Inc., Mass., U.S.A.) at 600 nm.
Thickness measurements
The thickness measurements of the specimens were carried out according to
ASTM D1005 (ASTM 1995). All measurements were in triplicate unless otherwise
stated and measurements were recorded in mm.
Water content
Film samples were weighed (w1), dried at 105 C for 24 h, and weighed again
(w2). Water content (WC) was determined as the percentage of initial film weight lost
during drying and reported on a wet weight basis:
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WC% = 100(W1 – W2)/W1
Equation 1
Triplicate measurements of WC were conducted for each type of film (Rhim
and others 2002).
Remaining solids
Procedure was modified from Handa (1999). Squares of film 2 x 2 cm were
cut. Samples were conditioned for 3 days in an environmental chamber (25 °C and
50% RH) and were weighed (±0.0001g). The samples were placed in 50 ml
containers and 25 mls of water added and container lidded. Samples were placed in a
shaker at room temperature and shaken gently for 18 h. Remaining pieces of film
were removed, placed in a pre-dried, pre-weighed foil dish and were dried for 24 h at
105 C. The weight of solubilized dry matter was calculated by subtracting the weight
of unsolubilized dry matter from the initial weight of dry matter. It was determined as
the percentage of initial film weight lost during soaking and drying and reported on a
wet weight basis.
Water vapor permeability (WVP)
Water vapor transmission rate (WVTR) was measured based on the ASTM
standard method D1653-03 (ASTM 2003) following the “desiccant method”. Samples
to be analyzed were held at 25 °C, 50% RH, for 24 h before analysis. A circular
specimen was cut, thickness measured at three points and the sample was weighed.
An empty water vapor permeability cup (EZ-Cup - cup mouth area 30.19 cm2,
internal depth 5.8 cm) was weighed to 2 decimal places. It was filled with a uniform
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quantity of pre-dried desiccant and the weight recorded. Each specimen was placed
between neoprene gaskets in the mouth of the cup and a screw-in ring attached,
sealing the unit. The assembly was placed in a test chamber maintained at 35 ± 2 °C
within a unit maintained at 100% relative humidity using distilled water. When
weighing, the entire unit was removed and each cup taken out, weighed and
immediately returned to the unit to maintain humidity. Samples were weighed to the
nearest 0.01 g and the time recorded, the weighing was carried out as close as
possible to a 30 min interval. A plot of time versus weight increase was produced and
steady-state conditions were assumed to be reached when the rate of change in weight
of the cup became constant. A minimum of 48 h was calculated for each sample with
a minimum of 4 readings within the steady state time range at reasonably spaced
intervals. Three samples of each material were tested. The coefficient of the straight
line was obtained by linear regression, (R2) for all reported data were 0.95 or higher.
The measurement of slope of the line was calculated as G/t (G = weight change; t =
time h). Water vapor transmission rate (WVT) (g/hm2)
WVT = g/tA
Equation 2
g/t = the coefficient of the straight line (g/h),
A = the permeation area in m2
Permeance (g/m2 per h per mm of mercury)
g/t.A.p
Equation 3
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p = the water vapor partial pressure at 35C (kPa) and (RH1 – RH2) is the
relative humidity of the vapor source (100% RH) and sink (0% RH)
Water vapor permeability (WVP) results were calculated by multiplying the
WVTR values by the thickness of the film.
Greaseproof testing
This was carried out using ASTM rapid method F119-82, a rapid method for
flexible barrier materials (ASTM 2008). Samples were tested to failure or to 48 hours
if failure did not occur. Vegetable oil was used as the analysis standard. Samples were
placed in an oven at 60 °C for 30 min as part of an assembly comprising a scored
glass plate, test specimen, cotton disks and standard weight (50g). For each sample
the weight was removed, 6 drops of the grease added to the cotton disk and the
weight replaced. The samples were checked at intervals and material was observed to
see if there was any indication of grease staining on the glass surface. The test was
discontinued after 48 hours if no movement of grease through the sample was seen.
Samples were tested in triplicate.
Tensile properties
Tensile properties were calculated by use of an Instron tester using ASTM
procedure 2370-98 (ASTM 2002). Film samples were preconditioned and tested
under conditions of controlled temperature and humidity (50% ± 5% RH, 23 ± 2 °C).
The samples were cut into strips 25 mm wide and 100 mm long. Thickness of each
sample was measured at 3 points using a micrometer.An Instron universal testing
instrument (Instron Model 4301, Instron Corp. Canton, Mass., U.S.A.) was set to
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tensile mode and procedure was a modification of the selection criteria in ASTM
standard D2370-98. The film samples were clamped into the screw-action grip and
jaw faces of the tensile rig. Initial grip separation was set at 100 mm and crosshead
speed at 25 mm/min. Up to 10 strips of each film type were analyzed choosing those
9 with the closest values to obtain average values. The results were recorded as: 1)
load at break (Standard)(N); 2) tensile stress at break (Standard) (MPa) also called
ultimate tensile strength (UTS) is the maximum tensile stress a material can sustain
without fracture. It is calculated by dividing the maximum load applied during the
tensile test by the original cross sectional area of the sample 3) time at maximum load
(sec); and 4) ext at break (E)(mm).
2.3 Results and discussion
Study 1: Variation of plasticizer levels at 0 and 3 min sonication
Combinations of variables of plasticizer are shown in Table 1. Many of the
samples produced were too brittle to analyze, these combinations are shown as
samples 6-12 in Table 1. This could be related to insufficient intercalation of the
polymer into the clay spaces but is more likely a result of insufficient plasticizer.
Those samples which were analyzable were produced under two processing
conditions (non-sonified versus sonified 3 min). An organic modified clay, Cloisite
30 B was used as the clay type as preliminary studies had indicated that it gave the
lowest WVP and most flexible film of the available clay types. No significant
differences between any samples for WVP were noted.
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Though it is difficult to compare WVP results to other laboratories, a review
showed similarity in results to films containing gelatin and gelatin and hydrophilic
plasticizers in ranges between 0.3 and 1.23 g mm / kPa h m2 (Thomazine and others
2005; Vanin and others 2005; Jongjareonrak and others 2006) depending on degree of
relative humidity applied during testing process. A simple gelatin film had a
permeability of 0.54 ± 0.03 g mm / kPa h m2 (all results converted from original units
by Andreuccetti and others 2009). (2009).
In this experimental work, by comparison, a preliminary trial with production
of a film with standard plasticizers (Glycerol / PEG400 / sorbitol at a ratio 35:25:25),
and without clay, gave an average WVP of 0.407 ± 0.07 g mm / kPa h m2. With clay
addition and sonication WVP ranged 0.100 (3 min sonication) to 0.170 g mm/KPa h
m2 (no sonication) (Table 2). The purpose of the initial clay and water sonication is to
separate the clay platelets as much as possible. As this is a smectite clay it is also to
allow hydration of the material. Both of these processes allow room for other
materials to intercalate into the gallery spaces of the material. This result indicated
that it is the addition of the clay and its initial sonication which has improved the
WVP, however, extra sonication for 3 min when all the materials were combined
appeared to have no effect in overall reduction.
In comparison to literature values for whey protein samples, all the results in
this experiment appear to have an improved WVP, for example McHugh and others
(1994) working with whey protein, in samples containing some waterproofing agents
and no nanoclay, obtained results which ranged from 0.8 to 2.12 g mm / kPa h m2 (the
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highest levels being in a sample with no lipid content). These variations take into
account many different conditions of production and analysis including different RH,
production of much thinner samples, use of the wet cup and not the dry cup method
and with an external airflow which is shown to reduce the influence of stagnant air in
the samples (McHugh and Krochta 1994a). This is a general issue with regard to
determining the comparability of results so for trials of this sort. Use of an in-house
control and comparison of in-house results only will give a more accurate view of
how different blends compare to each other. Even with this variability between
techniques taken into account it is important to note that WVP of these protein films
is orders of magnitude above low-density and high-density polyethylenes, EVOH,
ethylene co-polymer and vinyl alcohol (McHugh and Krochta 1994b).
Though there was no significance in difference in WVP in these samples, the
sample containing the PEG 8000 (sonified) had the lowest value overall (Table 2).
This plasticizer had the highest molecular size and therefore the fewest available
hydroxyl groups. This makes it less hygroscopic than the other plasticizers and so a
lower WVP would be anticipated. The addition of the plasticizers adds flexibility by
reducing the protein-protein interactions, however,this allows the protein matrix to
also be less dense, allowing for an increase in molecular mobility, and so increased
movement of water vapor (Andreuccetti and others 2009). Work by Yuen and others
(2001) showed that other experimental work indicated that higher plasticizer levels
and lower molecular weight PEG showed a correlating increase in large pinholes in
samples (SEM analysis). Results have indicated potential in use of variations in PEG
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8000 levels and methods of incorporation into the matrix. For example sonifying the
PEG 8000 with the clay in an initial step (possibly replacing some or all of the
sorbitol) may also give improved results.
There was no significance in the difference between the dry weights of
samples (P > 0.05) indicating that the total solids content was similar for each
material (Table 2). When the non-soluble solids were analyzed, increasing
proportional PG levels corresponded with decreases in remaining solids weight for
both non-sonified and sonified samples. This indicated that the PG may have leached
out of the samples at a higher rate and suggested that the PG was not as well bonded
into the system. This potential for migration would be a limiting factor in the
usefulness of this plasticizer.
There was a significant difference between the remaining solids weight of
some of the samples between non sonified and sonified 3 min (Table 2). Two of the
sonified samples were lower weight than those which had not, with the sonified
sample containing G:PG:PEG400 (5:20:25) having the lowest solids weight overall,
and the sonified sample containing PEG 8000 having the highest, indicating that the
integrity of this sample was significantly higher. This indicates that there is less
leaching of PEG 8000 than any of the other plasticizers and that possibly this matrix
type has better integrity than those containing other plasticizers. The sonication may
have allowed this longer-chain plasticizer to intercalate into the clay more efficiently
and act as a bulking agent.
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For material properties analysis the sample containing PEG 8000 was also
significantly better in several of the categories analyzed. It had a significantly (P <
0.05) higher load at break (N) where the failure point of a material is the point at
which the stress placed on the material is greater than its ability to resist breaking. It
also had the highest tensile stress at break (MPa) - being twice as high as the next
nearest sample - indicating it to be stronger than the other samples. There was no
significant difference between sonified and non sonified samples in this case.
Extension at break indicates the amount of stretch or elongation the specimen
undergoes during tensile testing. The samples that had an extra sonication step had
lower values – i.e. they stretched less than those which had not. The sample
containing PEG 8000 showed vastly less stretching than the other samples and had a
far lower time at maximum load, indicating that the other samples generally stretched
while this sample cracked at the line of strain.
Study 2: Replacement of glycerol with PG at different addition levels
Further analysis of samples containing different plasticizers focused on
replacing glycerol entirely with combinations of PG and PEG 400 and 8000 (and
comparison to a control set that contained glycerol and PEG 400). These also
compared samples where the clay did not have an initial sonication step with samples
where the clay and sorbitol were sonified prior to addition of other materials.
Variations of each type were produced with different waterproofing agents.
The control set (glycerol additive) (C1) had significantly higher WVP than
any of the control sonified samples except the sample with the highest PG (30% by
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protein wgt) which was lower but not significantly different. This is most likely a
result of the initial sonication since C2, which had the same additive makeup but was
sonified, shows significantly lower results than the C1 which did not. However the
addition of the waterproofing agents did not result in significant difference between
non sonified and sonified samples for WVP. The reason for this may be the chemical
structure of the different additives. It has been noted that where samples have good
affinity between the raw materials, further additives may interfere with the charges,
causing them to repel each other, making void spaces in the molecule. Also the size
of these molecules may have the same effect (Ustunol and Mert 2004). Results are
shown in Table 3. Further processing using different clay or wax types which may
interact with each other differently and give an improved result.
While increasing the PG showed an increase in non-soluble solids, the
proportion of remaining total solids did not show any pattern in variation between
plasticizer levels. There was a very large variation between the tensile properties of
the non-sonified samples and all others. The non-sonified samples had a much lower
load and tensile stress at break, however, they had a vastly longer time at maximum
load and extension at break than the other types. This indicates that the sonication
process is having an effect combining the materials in a way that reduces ease of
deformation of the matrix.
Study 3: Adjusted sonication times.
As the usage of additives did not appear to be giving significantly different
results, focus turned to effects of variation of sonication time. Clay, sorbitol and water
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were sonified together for 30 min and then the WPI and clay solutions were sonified
together for control, 1, 2, 3, 4, 6 and 8 min. The samples were also produced with
AMG or with wax (Parafine 30) addition. For WVP no variation was seen with
additive type, however, significant differences were obtained at different lengths of
time of sonication (Figure 2). For each type of film produced the sonified samples
had significantly lower WVP than the non-sonified samples. For the product which
only contained PEG this variation was seen at above 6 min, however, for the other
samples the significance of difference was seen at 4 min and longer for the PEG and
AMG and also for the PEG and wax respectively. This difference with regard to the
wax was at its lowest at 4 min and rose again at 6 and 8 min. There was no difference
between waterproofing types and the control at any time point, indicating a lack of
effectiveness in reducing WVP with these additives.
Total solids did not show a consistent significance in difference between
additive types, further there is no clear pattern within samples at different time points
(Supplementary Material 1). For the soluble solids analysis the sample containing
AMGs remained the most cohesive at all time intervals, with the difference being
significant up to 6 min sonication time (P < 0.05) (Figure 3), PEG alone and PEG and
wax were not significantly different from each other. Though in general the weights
were higher for sonified samples than for the non-sonified control, no sonication time
stood out as resulting in the most cohesion. Between 2 and 4 min was, however,
better for all three sample types. Overall the sonication appeared to have an effect on
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the samples with intercalation of the WPI into the gallery spaces of the clay samples
being the most likely interpretation of this result.
Resistance tests using the Instron unit did not give clear results. Results are
shown in Figures 4 - 7. PEG combined with AMG had significantly better load at
break than the other materials at 2 min sonication compared to other samples. All
three types were similar at 3 min, however, after this point PEG-only had a
significantly shorter time at break than the other samples. Tensile stress was shown to
be higher with the PEG-only sample than the others.
The sample with added AMG and wax showed the longest time at maximum
load, increasing with length of time sonified, however, there was no significance in
the difference between samples. The sample with PEG was significantly less
extensible by 8 min sonication compared to the other 2 samples. For the AMG and
wax samples there was improvement over non-sonified samples at 8 min. This
indication of increased stretchability of samples was not clearly borne out by results
for strain or true strain at maximum load.
For each study type all samples were analyzed for grease resistance and
showed no failure on cessation of analysis at 48 hours.
2.4 Conclusion
While addition of waterproofing agents and plasticizers showed some
improvement in film, and therefore coating quality particularly in the structural
strength, further experimental work on the sonication of plasticizers into smectitetype clays may allow for improvement of its qualities. WVP is not does not appear to
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be affected by the addition of the waterproofing agents in the formation of this
emulsion-style material, though their benefits have been noted in lamination-style
films and coatings. It appears that increasing time of sonication may be an effective
method of improving its structure, water resistance and WVP.
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2.6 Tables
Table 1 - Ingredient variables for Study 1 product (% protein weight). Produced as
both sonified and non-sonifed types for each combination

Film
1 (control)
2
3
4
5

glycerol

PG

25
15
10
5
15

0
10
15
20
10

PEG
400
25
25
25
25
0

Non-film forming (samples not tested further)
5
20
0
6
10
15
0
7
25
0
0
8
5
20
0
9
10
15
0
10
15
10
0
11
25
0
0
12
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PEG 8000
0
0
0
0
15

15
15
15
20
20
20
0
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Table 6 - Study 1 - Variation of Plasticizer levels at 0 and 3 min sonication

Table 2- Study 1 - Variation of Plasticizer levels at 0 and 3 min sonication
Within a row (for each attribute), means with different x, y is significantly different
(P < 0.05). Within a column, mean with different a, b, c, are significantly different (P
< 0.05) ns, non-significant; * P<0.05; ** P<0.01, *** P<0.001.
WVP
WB60
3WB60
0.15±0.07 0.13±0.01
0.12±0.06 0.15±0.03
0.14±0.09 0.13±0.06
0.17±0.07 0.13±0.02
0.13±0.06 0.10±0.03
NS
NS
NS
Dry Wgt

Absorbance (600nm)
Solids Wgt
WB60
3WB60
WB60
3WB60
0.17±0.01xb
0.11±0.01xa
51.90±1.67xb 51.07±0.04xc
1 (c)
0.52±0.13xa
0.12±0.01ya
57.20±0.30xa 55.24±2.37xb
2
xb
xa
0.15±0.03
0.16±0.01
56.83±0.92xa 34.38±0.16yd
3
xb
xa
0.15±0.00
0.13±0.01
48.07±1.10xc 15.22±2.60ye
4
xb
xa
0.25±0.08
0.20±0.01
56.79±2.38ya 64.69±0.32xa
5
Ing
***
***
Son
***
***
IxS
***
***
Load at Break
Tensile Stress at Break
(Standard)(N)
(Standard)(Mpa)
WB60
3WB60
WB60
3WB60
WB60
3WB60
83.27±0.46xc
42.68±2.70xc
43.61±2.23xc
4.05±0.28xd 4.10±0.26xd
1 79.96±0.80yb
87.65±0.69xb
53.71±3.66xb
45.88±2.89yc
4.94±0.18xb 4.70±0.31xbc
2 88.56±0.22xa
xa
xab
xb
xbc
88.35±0.14
55.60±3.39
50.43±6.24
4.90±0.44xb 4.40±0.20ycd
3 88.92±0.61
xa
xa
xbc
xbc
89.86±0.29
49.26±2.28
49.61±4.58
4.42±0.16yc 4.96±0.30xb
4 88.43±1.74
xa
xab
ya
xa
88.69±2.44
73.49±7.56
90.65±12.76
8.32±0.28ya 11.53±0.60xa
5 90.01±0.64
Ing
***
***
***
Son
NS
ns
***
IxS
**
***
***
Time at Maximum Load
Ext at Break
(sec)
(mm)
WB60
3WB60
WB60
3WB60
115.98±26.43xc
138.81±51.31xa 34.47±5.58yd
59.05±8.81xa
1 (c)
186.58±26.27xa
106.33±22.01ya 62.20±8.76xa
35.43±7.33yb
2
xbc
xa
xc
146.03±30.48
119.95±39.85
50.65±9.59
40.00±13.2yb
3
xab
ya
xab
172.28±7.87
115.43±16.46
59.70±6.02
38.50±5.50yb
4
xd
xb
xb
7.67±0.57
8.53±0.35
2.88±0.11
2.58±0.18xc
5
Ing
***
***
Son
**
***
IxS
***
***
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Table 3 - Study 2 - Replacement of glycerol with PG at different addition levels
For each attribute columns with different letters are significantly different (P < 0.05).
The sample samples marked n/a (not analyzed) were too brittle for analysis. Samples
marked n/s (no sample) had insufficient sample for testing. Controls columns 1 and 2
do not contain PEG 8000
No Sonication
(C1)

WVP ( Mean ±
SD)

Dry Weight (g)

Non-Sol Solids
(g)

Absorbance

Load at Break
(Standard)(N)

Tensile Stress
at Break
(Standard)
(Mpa)
Time at
Maximum Load
(sec)
Ext at Break
(mm)

Sonication clay / water
(C2)

25% PEG 400

25% PEG
400

20% PG /
25% PG /
25% PEG8000 25% PEG8000

30%PG /
25%
PEG8000

Control

0.28±0.02a

0.20±0.09b

0.17±0.02b

0.18±0.00b

0.21±0.02ab

AMG&wax

0.24±0.06a

0.22±0.08a

0.24±0.01a

0.28±0.06a

0.20±0.04a

wax

a

a

n/a

na

0.21±0.07a

0.25±0.07

0.28±0.02

Control

82.87 ±0.95d

87.31 ±0.53c

91.79 ±0.05b

92.95 ±0.19a 93.17 ±0.15a

AMG&wax

89.62 ±4.14b

86.66 ±0.79c

88.97 ±1.50a

93.85 ±0.09a 93.89 ±0.12a

wax

82.18±1.37c

87.48±1.26b

n/s

Control

52.06 ±1.07ab

57.82 ±1.03a

AMG&wax

60.88 ±0.21

a

a

wax

53.33±0.14a

Control

93.14±0.09a

n/s

49.78 ±7.33b 51.35 ±2.62ab 54.44 ±2.90ab
60.34 ±3.30a

56.98 ±5.98a

61.77
±19.65a

47.32±1.51b

n/a

n/a

52.12±3.91ab

0.15 ±0.03bc

0.14±0.01c

n/a

0.21 ±0.01ab

0.23 ±0.06a

AMG&wax

1.12 ±0.02b

1.40 ±0.08a

1.38 ±0.10a

1.38 ±0.24a

1.57 ±0.06a

wax

0.14±0.00a

0.14±0.02a

n/a

n/a

0.15±0.04a

Control

39.17 ± 3.45d

80.81± 5.88b

n/s

AMG&wax

35.61 ± 3.36d

78.28 ± 5.55bc

100.12 ±
10.43a

85.79 ± 7.21b

72.17
±10.90c

wax

43.18± 2.15c

53.50 ± 8.72b

n/a

n/a

77.33±12.50a

Control

4.02± 0.21c

7.23 ± 0.52b

n/s

9.44 ± 0.58a

8.03 ± 1.51b

AM&wax

3.15 ± 0.18d

6.69 ± 0.37b

7.77 ± 0.57a

6.10 ± 0.40c

6.14 ± 0.37c

wax

4.11± 0.26c

5.91± 0.30b

n/a

n/a

6.98 ± 0.57a

45.56 ±9.04

a

10.87 ± 0.57

n/s

AM&wax 185.13 ± 31.84a

8.36 ± 0.75b

8.50 ± 0.77b

wax 221.04 ± 34.15a

10.95 ± 1.49b

n/a

3.50 ± 0.42b

n/s

Control 170.95 ± 13.73

Control

58.01 ± 3.89a
a

AM&wax

54.11 ± 16.70

wax

64.77 ± 7.07a

b

93.39 ± 7.27a 70.40 ± 9.62c

2.81± 0.23

b

3.63 ± 0.17b
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2.93 ± 0.25
n/a

11.09 ± 0.91

b

10.05 ± 0.65b 10.79 ± 1.54b
8.08 ± 1.17b

n/a

b

6.41 ± 0.52b

3.71± 0.31b

2.26 ± 0.34b

b

3.40 ± 0.57b

3.20 ± 0.43
n/a

2.73 ± 0.18b

2.7 Figures

Nanoclay (Kaolin)

Figure 1 - Relative sizes of polymerized v native protein and clay (Kaolin)
nanoparticles
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Figure 14 - Relative sizes of polymerized v native protein and clay (Kaolin)

nanoparticles
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0.35

WVP g mm / kPa h m2

0.3
0.25
0.2
0.15
0.1
0.05
0

1

2

3

4

5

6

7

8

9

Time (min)
PEG only

PEG & AMG

PEG & Wax

Figure 2– Graph of water vapor permeability over time comparing PEG400 alone
(control) to samples containing AMG or wax (Study 3)

Figure 15 – Graph of water vapor permeability over time comparing PEG400
alone (control) to samples containing AMG or wax (Study 3)
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100

% Total solids

90
80
70
60
50
40
30
Non Son
control

1min

2min

3min

4mins

6 mins

PEG only

PEG & AMG

PEG & Wax

PEG only

PEG & AMG

PEG & Wax

8 mins

Figure 3 - Study 3: Various sonication times - effect of sonication times on %
remaining dry weight and on remaining solids dry weight
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Comparison of WPI samples containing waterproofing agents to control samples after
varying times of sonication (WPI with clay solution). All samples contain plasticizers
glycerol (25%) and sorbitol (25%) Within a row, means with different letters (a, b, c)
are significantly different (P < 0.05). Within a column, means with different letters (x,
y, and z) are significantly different (P < 0.05). PEG=polyethylene glycol AMG =
Acetylated Monoglycerides
Figure 16 - Study 3: Various sonication times - effect of sonication times on %
remaining dry weight and on remaining solids dry weight
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Load at Break (Standard)(N)

95
85
75
65
55
45
35
25
15
0

1

2

3

4

5

6

7

Time (min)
PEG only

PEG & AMG

PEG & Wax

Figure 4 – Load at break over time comparing PEG400 alone (control) to samples
containing AMG or wax (Study 3)

Figure 17 – Load at break over time comparing PEG400 alone (control) to
samples containing AMG or wax (Study 3)
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8

Tensile Stress at Break (Standard) (Mpa)

8
7
6
5
4
3
2
0

1

2

3

4

5

6

7

8

Time (min)
PEG only

PEG & AMG

PEG & Wax

Figure 5 – Tensile stress at break over time comparing PEG400 alone (control) to
samples containing AMG or wax (Study 3)
Figure 18 – Tensile stress at break over time comparing PEG400 alone (control)
to samples containing AMG or wax (Study 3)
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Time at Maximum Load (sec)

240
220
200
180
160
140
120
100
0

1

2

3

4

5

6

7

Time (min)
PEG only

PEG & AMG

PEG & Wax

Figure 6 – Time at maximum load over time comparing PEG400 alone (control) to
samples containing AMG or wax (Study 3)
Figure 19 – Time at maximum load over time comparing PEG400 alone
(control)
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Ext at Break (mm)
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PEG only

PEG & AMG
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Figure 7 – Extension at break over time comparing PEG400 alone (control) to
samples containing AMG or wax (Study 3)
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Figure 20 – Extension at break over time comparing PEG400 alone (control) to

samples containing AMG or wax (Study 3)
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2.8 Supplementary material 1
Comparison of significance over time (a.b.c) and between types of additive (x,y,z) for
all graphed results (Figures 2-7)
Within a row, means with different a, b, c are
significantly different (P < 0.05).

C

1

2

Time (m)
3
4

Within a column, means with different
x,y,z are significantly different (P < 0.05).

6

8

C

1

Time (m)
2
3
4

6

8

x

Water Vapor Permeability (Study 3)
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x
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x

x

x
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x

x

X
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a

a

a
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x
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c
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a

abc
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x

x

x

x

x

PEG & Wax

b

a
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b

b
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x
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CHAPTER 3: PRODUCTION AND FUNCTIONAL PROPERTIES OF A WHEY
PROTEIN/ CLAY NANOCOMPOSITE CARD COATING
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ABSTRACT
Whey protein isolate (WPI) and nanoclays were selected to prepare natural

coatings suitable for disposable, card-backed food containers for high-grease foods.
The polymerized WPI was sonified for 5 m together with sorbitol and one of 3 presonified nanoclays (Kaolin, modified or unmodified montmorillonite), producing a
nanocomposite. Waterproofing and plasticizing materials were added and compared.
Material was coated on to card and the mechanical and barrier properties were
assessed. Closite 30B (C30B) clay had a significantly lower (P < 0.001) water vapor
transmission rate (WVTR) than Kaolin or Cloisite Na+ (CNa+). Samples containing
tributyl citrate (TBC), or no additive, had significantly lower (P < 0.01) WVTR than
those containing wax or acetylated monoglycerides (AMG). A plasticizer
combination of polyglycerol (PG) or glycerol and PEG400 (GPEG) also gave
significantly (P < 0.05) better results. Mechanical (tensile) properties assessment
showed load at break varied significantly with plasticizer types - PG and GPEG being
better than control. There was significance in difference (P < 0.05) for some of the
other tensile properties however no single sample or material stood out. Some
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coatings crazed during the drying process and this damaged the surface, affecting
both greaseproofing and waterproofing. Coated cards were more greaseproof than
uncoated, with samples containing PEG 8000 showing the greatest resistance. The
weight of coated card increased more than uncoated when the material was wetted
(Cobb 120) with coated materials showing no visible change to the surface on
redrying. There was no sample which was significantly less water absorbent than the
others.
Keywords: Polymerized Whey Protein, nanoclay, coating, mechanical properties
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3.1 Introduction
Paper is widely used in packaging applications and is a material with a porous
cellulose structure. These cellulose molecules are hydrophilic due to -OH sites on the
base structure (C6H10O5) and so card and paper are prone to pick up moisture from
the environment. Due to the porosity of the fibers, moisture can also migrate through
the material through void spaces, and paper is also a very poor barrier against grease,
gas and aromas. To improve the usability of paperboard it is advantageous to add a
coating of other materials, forming a dense layer at the surface and filling the void
spaces, thereby improving barrier properties (Khwaldia and others 2010).
The most common material used to coat paperboard is polyethylene (PE),
along with ethyl vinyl alcohol (EVOH) and poly(ethylene terephthalate) (PET). These
materials are low cost and readily available. However, while they have advantages in
the successful waterproofing of card, the disposal of single-use items (for example
fast-food containers) means that their usable life is extremely short, and their
breakdown rate after disposal of packaging waste is extremely slow. These items may
have a very long life in a landfill, they are hard to recycle, generally impossible to
reuse, non-compostable and bulky (Khwaldia and others 2010; Andersson 2008).
Packaging materials are limited to those which have been assessed as safe in contact
with foods, so this reduces the variety of potential additives which can be used. For
example, for edible films solvent systems are limited to water and ethanol (Rhim and
Shellhammer 2005), while translinkers such as glutaraldehyde and the monomers of
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polycarbonate (Bisphenol A) are considered problematic for use in food contact
surfaces (Vom Saal and Hughes 2005; Sanders 2007; FDA 2013b) .
Biopolymers have potential to replace fossil fuel based materials as they are
easily manipulatable and are renewable. They have the added benefits that they can
be improved with the addition of antimicrobials and antioxidants (Khwaldia and
others 2010). Protein based biopolymers are hydrophilic, and have a tendency to be
brittle due to their crystalline structure. These disadvantages may be improved by the
addition of plasticizing compunds and waterproofing agents. However each type of
protein may interact differently with additives and under differing processing
conditions so each must be assessed individually. While there has been significant
investigation of biodegradable and edible films the study of bio-based coatings on
paper and board materials is currently only in the R&D stage (Aulin and Lindström
2011). For foods with extremely short shelf life such as prepared sandwiches, papers
coated with natural biopolymers could meet packaging requirements particularly as a
grease barrier (Park and others 2000).
Whey protein’s major disadvantages for use in these circumstances is its
hydrophilicity, however, this can be reduced by polymerization of the protein. βlactoglobulin (β-lg) is a globular protein and the predominant protein in whey. Its
native structure has external hydrophilic residues and internal hydrophobic residues
and it contains 2 disulfide bonds and a free sulfydryl (thiol) group. When a
sufficiently high protein concentration is heated above 70 C the β-lg denatures and
forms a continuous network (Jung and others 2008). If the pH is raised to above 6.8
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the free thiol group (Cys121), which is buried at the core of the structure, becomes
activated and available. Increasing the pH increases the repulsive forces and the
protein unfolds. Above 80 °C noncovalent interactions become more important and
hydrophobic interactions and disulphide bond interchange takes place. This has been
proposed to be a thiol-catalyzed mechanism similar to a free radical exchange.
Depending on the concentration of the protein in the solution either aggregates (low
%) or gels are formed (Jung and others 2008; Schmitt and others 2009)
Addition of materials at nanometer scale, such as smectite (swelling) clays and
kaolinites have been shown to be advantageous. At these sizes the materials have
unique properties not found in the bulk form, the main advantage for these types of
nanoclays being a proportionally larger surface area than a bulk material (Sandoval
2009; Royal Society 2004). This can make materials more chemically reactive and
affect their strength or electrical properties. Addition of nanoclays allows for
improved functionality compared with the raw materials alone. Of the types used,
kaolin or ‘China Clay’, has limited usability at coarse sizes while fine sizes have
nanomaterial properties. This type of clay is non-swelling but it is hydrophilic and
easily dispersed in water, making it useful for producing coatings with a water-based
solvent (Konta 1995; Duca 2010). Montmorillonite is a smectite clay which has an
octahedral and tetrahedral sheet layer with exchangeable cations (principally sodium
or calcium) between layers. It has advantages when used in its native form as it has
extensive Na+ ions available for interaction, these advantages can be increased by the
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addition of quaternary ammonium compounds which makes it more organophilic
(Konta 1995; Sinha Ray and Okamoto 2003; Xanthos 2010).
The other issue with proteins is their crystallinity when converted to film, alone
or in conjunction with clays. For strength and flexibility is is therefore necessary to
add plasticizers to the film. Plasticizers partly act by reducing the glass transition
temperature (the temperature region where micro-Brownian motion freezes (Bair
1994)), however, they are noted to result in a decrease in tensile strength. These
molecules are generally small, with low volatility, and are added to polymers to
improve flexibility and related characteristics. They modify the structure, decreasing
intermolecular forces along the matrix of the protein chains and increasing free
volumes and chain mobility, thus the structure becomes less rigid and mechanical
properties are improved (Zhang and Mittal 2010; Andreuccetti and others 2009).
Glycerol and sorbitol are humectants and so the advantage that they give in
plasticization is reduced by the increase in WVTR that ensues on addition.
Polymerizing glycerol to give polyglycerol produces a material which is significantly
less hygroscopic and so has lower WVTR, however, the plasticizing benefits may
also be reduced as a result. Polyethylene glycol is a common plasticizer with a lower
WVTR than glycerol, but is a less efficient plasticizer of whey protein. It has a wide
range of molecular weights allowing for potential improvement of WVTR (which
reduces as the chain lengthens) in combination with other plasticizers.
Hydrophobic plasticizers can also be incorporated into a film to add flexibility
with a somewhat lower WVTR. Tributyl citrate (TBC) is a citrate ester and a
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hydrophobic plasticizer, it is non-toxic and is used in plastics for medical materials as
well as food contact. This material is difficult to incorporate homogeneously in
hydrophilic solutions and so soy lecithin can be added as an emulsifier (Andreuccetti
and others 2009). Acetylated monoglycerides (AMG) of fatty acids are also useful as
waterproofing plasticizers, belonging to a class of natural oils and fats that are
approved as direct food additives (FDA 2013a). The AMG used in this project is
derived from hydrogenated castor oil, and has been approved for use with minimal
restrictions (Danisco 2009). AMG has been shown to impart very good WVTR
resistance in samples (Anker and others 2002).
The objective of this project was to formulate a coating which is readily
applied to a card surface giving a continuous coating and to compare the relative
merits of standard plasticizer and waterproofing agents.
3.2 Materials and methods
Coating materials
Whey protein isolate (92% protein) was provided by Fonterra Ltd (Auckland,
New Zealand). The nanoclays were montmorillonite based Cloisite® 30B (C30B),
which is modified with a quaternary ammonium salt (MT2EtOH = methyl tallow bis2-hydroxyethyl ammonium chloride), and Cloisite Na+ (CNa+) (Natural sodium
montmorillonite ) (Southern Clay Products, Gonzalez, TX, USA), and Kaolin (Fisher
Scientific, Fair Lawn, N.J., U.S.A.)). Plasticizers glycerol, sorbitol and polyethylene
glycol (PEG) (MW 400, MW 8000) were purchased from Fisher Scientific Fair
Lawn, N.J., U.S.A.). Polyglycerol (Polyglycerol 3) (PG) was gifted by Solvay
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Chemicals (Bruxelles – Belgium). An acetylated monoglyceride (AMG) derived from
hydrogenated castor oil, (Grinsted Soft-n-Safe) was gifted from Danisco (Danisco
A/S, Brabrand, Denmark). Liquid wax (Chembead 30), was gifted from BYK (BYK
USA Inc, Chester, NY, U.S.A). Tributyl citrate (TBC) was purchased from Fisher
Scientific (Fair Lawn, N.J., U.S.A.) and soy lecithin (liquid, ImcosoyLec IP) was
purchased from Imcopa (Paraná, Brazil). Other additives were defoamer (Silicor)
1311 FG emulsion (defoamer) Defoamer.com Inc . (Bartlett, IL, USA), and potassium
sorbate (preservative) (Fisher Scientific, Fair Lawn, N.J., U.S.A.). All materials are
considered GRAS.
Coating manufacture
The process flow chart is shown in Figure 1. The quantity of water and WPI
required to produce a 10% protein solution was calculated. 200 mL of the water were
held separately and the remainder combined with WPI and mixed for 1 hour, it was
then held at 4 °C overnight to allow foam to settle. The temperature was returned to
21 °C and pH adjusted to 7 using 5 M sodium hydroxide. The solution was heated
with constant stirring to 85 °C and held for 30 min, then cooled rapidly in ice water to
25 °C.
The remaining 200 mL of water were combined with 5% (by total protein
weight) of clay and 25% sorbitol, homogenized, and then sonified (Branson sonifier,
pulse mode, 50% amplification, sonic horn) in 30 s on / 5 s off mode for 60 min.
Samples were sonified in an ice bath to reduce heating. The clay solution was added
to the WPI and mixed for 15 min to combine evenly.

123

This solution was divided into 200 ml aliquots and each was sonified using the
same unit in 30 s on / 5 s off mode for 5 min in ice water. All other ingredients were
added as proportion of protein weight and all final solutions contain 5% clay, 25%
sorbitol, 2.0% potassium sorbate and 0.5% defoamer.
Study factors
Each group contained combinations of plasticizer and either no further additive
or one of AMG, Wax, and TBC/lecithin. Added to samples were various levels of
plasticizer (PEG, glycerol, PG) and waterproofing materials (wax, tributyl citrate,
acetylated monoglycerides (also considered plasticizers)) with emulsifier (soy
lecithin) as required. The type 4 samples, which only contained WPI, clay, sorbitol,
defoamer and preservative, were the control material for the experiment. Each sample
was homogenized and then placed in a sonic bath for 60 min before application to
card, this both increased the potential for intercalation and removed gas from the
material. The study factors are shown in Table 1.
Previous work in the production of free films was used to determine the
quantities of additives and the type of production process used in this film. All
quantities were added as a % of the total protein.
Card coating procedure
Fine cotton (card) paper (WT 134 lbs) was purchased from Crane & Co.
(Dalton, MA, USA). Card thickness was measured using a micrometer with thickness
recorded to 0.01 mm. Each sample piece was wetted and allowed to dry to reduce
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curling during film application. Cards were then preconditioned at 25 °C, 50% RH,
for 24 h and weighed before application of coating.
Each coating type was poured into a teflon tray and the card pieces were placed
face down into the solution so that only one side was in contact with the solution. The
samples were lifted and allowed to drain for 20 s to remove excess coating. The
sample was weighed immediately and placed face up on greaseproof-paper, which
was then folded over 1 cm at top and bottom to prevent loss of solution from these
points, and weighted to keep them flat (these contact points were not included in any
sample analysis). Samples were allowed to dry at 21 °C for 24 hours. They were
weighed when dry and samples to be analyzed were held at 25 °C, 50% RH, for 24 h
before analysis.
The remaining WPI solution was allowed to find its own level and dry on the
teflon tray and these films were held for comparison (in cases where they produced a
usable film). The film flexibility and strength were determined qualitatively by
peeling off the dried film from the tray. Samples were held for comparison, Figure 2
shows samples which made a cohesive film and those which did not.
Characterization of film
Coating weight
The coating weights were obtained by subtracting the weight of the paper
sheet, before the coating, from the coated paper sheets (Fernandes and others 2010).
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Thickness measurements
The thickness measurements were carried out, with a micrometer, according to
ASTM D1005 (ASTM 1995) and measurements were recorded in mm.
Water vapor transmission rate (WVTR)
Water vapor transmission rate (WVTR) was measured based on the ASTM
standard method D1653-03 (ASTM 2003) following the “desiccant method”. Samples
to be analyzed were held at 25 °C, 50% RH, for 24 h before analysis. A circular
specimen was cut, thickness measured at three points and the sample was weighed.
An empty water vapor permeability cup (EZ-Cup - cup mouth area 30.19 cm2,
internal depth 5.8 cm) was weighed to 2 decimal places. It was filled with a uniform
quantity of pre-dried desiccant and the weight recorded. Each specimen was placed
between neoprene gaskets in the mouth of the cup and a screw-in ring attached,
sealing the unit. The assembly was placed in a test chamber maintained at 35 ± 2 °C
within a unit maintained at 100% relative humidity using distilled water. When
weighing, the entire unit was removed and each cup taken out, weighed and
immediately returned to the unit to maintain humidity. Samples were weighed to the
nearest 0.01 g and the time recorded, the weighing was carried out as close as
possible to a 30 m interval. A plot of time versus weight increase was produced and
steady-state conditions were assumed to be reached when the rate of change in weight
of the cup became constant. A minimum of 48 h was calculated for each sample with
a minimum of 4 readings within the steady state time range at reasonably spaced
intervals. Three samples of each material were tested. The coefficient of the straight
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line was obtained by linear regression, (R2) for all reported data were 0.95 or higher.
The measurement of slope of the line was calculated as G/t (G = weight change; t =
time (h)). Water vapor transmission rate (WVT) (g/hm2)
WVT = g/tA

Equation 1

g/t = the coefficient of the straight line (g/h),
Water absorptiveness
This is calculated by determination of the quantity of water absorbed by the
coated card in a specified time under standardized conditions. The most common
method is the Cobb test (TAPPI 2009). Here Cobb120 was used (exposure time 120s).
Samples to be analyzed were held at 25 °C, 50% RH, for 24 h before analysis, they
were weighed immediately before the test and a uniformly coated section of card 12.5
x 12.5 cm was placed on a mat. A ring was lowered onto the surface and the unit was
held in place by tightening a crossbar. Enough water to produce a head of 1cm was
added and held for 120 s. With 10 s remaining the water was poured off and the
sample placed on a sheet of blotting paper. At end of measured time another sheet of
blotting paper was placed over the sample and a 10 kg weight giving equal pressure at
all points of the sample was placed over it. Weight was removed and the sample
weighed immediately. For the standard test area of 100 cm2 the Cobb value was
measured as the water absorbency and was calculated as
Weight of water = [final weight, g – conditioned weight, g] x 100
Equation 2
Results are given for Cobb120 in g/m2
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Greaseproof testing
The accelerated test T454 om-10 (TAPPI 2010) a rapid test comparing relative
grease-proofing. Moisture-free colored turpentine was prepared by mixing 100 ml of
turpentine with 1.0 g of Oil Red O red dye and 5 g of anhydrous CaCl2, filtered and
stored in an airtight container. The sample to be tested was placed on a sheet of white
blotting paper, and 5 g of sand was mounded on top of the sample. A volume of
1.1 ml of colored turpentine was added to the sand. At fixed intervals the sample was
carefully moved to a new unexposed portion of the blotting paper, and the time when
staining of the surface was observed was recorded. A maximum time of 1800 s
(30 min) was used and samples were covered with a glass petri dish to prevent the
evaporation of the turpentine.
Tensile properties
These were determined by use of an Instron tester using ASTM procedure
2370-98 (ASTM 2002). Samples were preconditioned and tested under conditions of
controlled temperature and humidity (50% ± 5% RH, 23 ± 2 °C). They were cut into
strips 25 mm wide and 100 mm long. Thickness of each sample was measured at 3
points using a micrometer. An Instron universal testing instrument (Instron Model
4301, Instron Corp., Canton, Mass., U.S.A.) was set to tensile mode and procedure
was a modification of the selection criteria in ASTM standard D2370-98. The film
samples were clamped into the screw-action grip and jaw faces of the tensile rig.
Initial grip separation was set at 100 mm and crosshead speed at 25 mm/min. Up to
10 strips of each type were analyzed choosing those 9 with the closest values to
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obtain average values. The results were recorded as: 1) load at break (Standard)(N);
2) tensile stress at break (Standard) (Mpa) also called ultimate tensile strength (UTS).
The maximum tensile stress a material can sustain without fracture. It is calculated by
dividing the maximum load applied during the tensile test by the original cross
sectional area of the sample; 3) time at maximum load (s); and 4) ext at break
(E)(mm).
Statistical analysis
All samples were compared using a two-way repeated measures ANOVA (P <
0.05 was considered significant). Difference between clays, additives and plasticizers
were all analysed. Interactions between clay and additive, clay and plasticizer and
additive and plasticizer were also analyzed as well as overall interaction between all
variables. The significance values of the variables and their interactions are shown in
Table 9.
3.3 Results and Discussion
Paper is the most widely used packaging material (Han and Krochta 2001),
however, it lacks certain essential qualities, particularly in relation to waterproof- and
grease-proofing. Paperboards will absorb water vapor from the environment,
especially under storage conditions of high humidity or with contact with highmoisture foods. Absorption of moisture reduces physical and mechanical strength of
the paperboards, causing boxes to be more easily deformed and pierced during both
storage and distribution. Coating a card surface is called ‘sizing’ and the coating can
consist of any one of wide range of combinations of materials (Han and Krochta
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2001). Surface treatments such as sizing and coating are usually used to improve
physical strength as well as water barrier properties (Rhim and others 2006). It is
essential, therefore, to treat it to improve physical strength, oil/grease resistance and
decrease wettability. This experimental work involved the use of various plasticizers
and waterproofing agents to improve the surface of the cardboard and make it more
functional. The base sheet properties are very important as they have variations in
smoothness and porosity (Aulin and Lindström 2011).
The coating method has an effect on the material properties. Initial work using
a sprayer gave poor coverage of the cardboard and an irregular coating, so it was
replaced with a dipping method. The film coatings produced were uniform and
appeared homogeneous in solution and were easy to apply. The coating method used
resulted in a uniform coating which dried smoothly and almost invisibly giving a faint
shine to the surface. It increased the card thickness from an average of 0.492 mm
(uncoated), to a range of 0.514 to 0.516 mm. There did not appear to be a correlation
between thickness and coating weight (Figure 3). The solids content of the coating
material is known to have an effect on the quality of coverage of the card. A level of
10-15% solids is generally considered to be ‘surface sizing’; this may not give a
continuous coating and increases the amount of drying needed. Determination of
moisture content by drying of the conditioned coated card showed significant
differences between factors. These samples showed a total solids content after drying
and conditioning, of between 18 and 30 %. The source of this variability may be the
amount of water held by the film structure.
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Water vapor transmission rate through coating and base material
Moisture transfer is often the most important factor leading to changes in food
quality – affecting stability, storage and safety - during distribution and storage. The
permeation of material through a polymer consists of dissolution in the polymer and
diffusion through it. Dissolution is the process of absorption of the chemical in the
polymer and depends on the affinity of the polymer for that molecule, the volume
available and the external concentration. Diffusion is the concentration gradient
driven process which causes the molecules to be transported through the material.
These attributes are reliant on the makeup of the various materials involved and the
conditions under which they are to be used. The degree of absorption in
montmorillonite clay nanocomposites indicate that degree of absorption depends
strongly on the surface properties of the clays and improved barrier properties are a
result of increased lengths of diffusion paths – with the molecules working their way
around impermeable particles, increasing path lengths and reducing mass transport
rates (Duncan and others 2005).
Resistance to WVT is generally quantified by permeability, with the water
vapor transmission rate being the water vapor flux across a material. It is necessary to
determine the partial pressure gradient on both sides of the coated material as this is
the driving force for moisture transfer. In theory the material experiences a transient
phase and then arrives at a steady state. For this reason the calculation for WVTR
uses the slope of a line of a moisture change versus time from a linear region. With
the plastics produced as freestanding films it was determined that the time to reach
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this linear state was about 5 hours, however, with the card samples it was nearer 18
hours. This indicates that lamination of the coating on the card surface had an effect
on the length of time to reach steady state. With samples of pure film there is no need
to take into account the effect of the card as there is with a laminated sample. A
multi-layer material like this one is considered to have a macro-scale interface
between card and coating and this is considered to make the permeation properties
difficult to predict. While it is possible that the mass transfer in each level may be
calculated individually and added together and this rarely gives an accurate result
(Duncan and others 2005).
The standard procedure for testing water vapor transmission of materials
(ASTM 2010) recommends that the calculation of permeability is optional and states
that ‘it can be done only when the test specimen is homogeneous (i.e. not laminated)
and not less than 12.5 mm thick’. As a result the coated card WVTR results will be
used for comparison of samples. It is very difficult to compare permeability data
between labs and all within-laboratory test conditions must be carefully controlled
and reported (Chen 1995).
WVTR rates ranged from 6.22 ± 0.80 to 12.84 ± 1.83 grams per m2 per h while
uncoated samples analyzed for WVTR had an average of 9.64 ± 0.82 grams per m2
per h. Samples containing CNa+ clay, plasticizer PEG 8000 and either AMG or wax
had the highest WVTR of all samples (Figure 4). No samples containing C30B were
in the group (10 samples) with the highest WVTR (these samples being evenly
distributed between CNa+ and Kaolin types). There are 23 samples in the group
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which had the lowest WVTR, and 15 of these contained C30B (Table 2). Interaction
results for WVTR that just include clay show that, while there is no significance in
difference (P > 0.05) between CNa+ and Kaolin, C30B had a significantly lower (P <
0.05) WVTR. Where the additive-clay interaction was assessed, again all the C30B
samples were in a group with significantly lower WVTR, and there was no difference
between the other two clays. Comparing plasticizer-additive showed all the
polyglycerol samples to be in the lowest range.
Thickness and weight of coated material
The samples were significantly different in thickness (P < 0.05) for all
variables assessed and compared except clay-additive. C30B resulted in the thickest
samples followed by CNa+ and Kaolin and all three were significantly different from
each other (P < 0.0001). While this may be due either to degree of integration of the
coating into the card or it may also be due to variations in coating weight added, little
correlation was seen between thickness and coating weight (Figure 3).
The additives produced coatings in a range of thickness of 0.538 (AMG) to
0.530 (none) mm and samples containing additives were significantly thicker than
those that did not (AMG >TBC > Wax). The integration of plasticizers ranged in
thickness (thickest to thinnest) from PEG 8000 > control > glycerol / PEG400 > PG
with PEG 8000 and control being significantly different from each other. This may
indicate that the much longer chain length of the PEG 8000 had an effect different to
the other additives, in that it was not absorbed into the card surface. This extra
thickness in samples containing PEG 8000 can also be seen in the comparison of
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Clay-Additive-Plasticizer where the thickest sample contains PEG 8000 and 7 of the
top 11 thickest samples also contain this plasticizer.
There was a low correlation between card weight and sample thickness
(Figure 3) indicating that thickness is likely influenced by integration of solution into
the pores of the card rather than the amount of coating applied initially. For example
for the additive AMG and plasticizer PEG 8000 the film thickness and card weight
followed the same trend across clays. However, for the same group the card weight
for the sample containing CNa+ did not follow the trend of results indicated by the
film thickness – while the sample was lighter it was also thicker than might be
expected, indicating that some samples that are both heavier and thinner have better
integration into the card surface.
Tensile properties
Instron results are shown in visual form for comparison in Figure 5 and in
detail with statistical variation in tables 3 – 6. The higher the load at break (Table 3)
and the longer the time at maximum load (Table 4) in general indicates increased
strength of materials. Within the samples there was some significance in difference of
strength however there was no clear trend. Neither clay type nor additive type show
any difference in significance. For load at break there was only one variable or
interaction that was significant (P < 0.05), where plasticizer type had an effect, the
PG and GPEG plasticizers allowed for significantly higher load at break than the
control.
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Time at maximum load indicated that kaolin had a better resistance than CNa+
and samples with no additive had longer time at maximum load. There was
significance (P < 0.05) to the degree of difference of time at maximum load when all
the attributes combined. However what this trend implied was not clear, while no
attribute showed significance alone clay-plasticizer-additive, clay-plasticizer and
additive-plasticizer showed significance (P < 0.05). There was no clear trend within
the results for the 7 samples which were seen to have a significantly longer time at
maximum load, however, kaolin was in 4 of the top 7 samples.
Extension at break in a material indicates the degree to which it stretches under
load. Table 5 shows graphs of the interactions, and these were seen to be significant
between clays, clay-plasticizer, additive-plasticizer and clay-additive-plasticizer. The
effects were not significant in regard to plasticizer alone, however, indicating that the
plasticizer was not the source of the increased extension. Samples containing Kaolin
had significantly more extension at break (P < 0.05) (4.4mm) than CNa+ (4.0mm). In
the interaction between all three samples, taking into account that clay type is seen to
be significant and plasticizer type is not, there was no other clear connection between
the samples showing the greatest extension at break.
Tensile stress at break (Table 6) - ultimate tensile strength - is the maximum
tensile stress a material can sustain without fracture. Along with extension at break it
indicates how resistant to, for example, puncture, the sample would be. Proteins such
as chitosan, whey protein isolate (WPI), whey protein concentrate (WPC) and wheat
gluten protein have been shown to enhance the strength and toughness of paper
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(Gällstedt and others 2005). Plasticizers partly act by reducing the glass transition
temperature, which may be partly responsible for a decrease in tensile strength, while
increasing impact strength and elongation at break (Mekonnen and others 2013). In
this work the difference between samples was not seen to be significant (P > 0.05).
The combination of C30B-wax-GPEG had the highest maximum tensile strength
where Clay-Additive-Plasticzer was trending towards significance (P < 0.08).
Water absorbance
Cobb values determine the degree of water absorbance over a fixed period of
time calculated as g/m2. For this experimental work the soaking time was 120 s. A
card sample with no coating showed an average of 52.7 g/m2 while samples with pure
PWPI were at 104.3 g/m2 and those with a combination of PWP and plasticizer with
no clay 103.7 g/m2, the sample containing PWPI alone was extremely stiff and the
surface crazed during the Cobb analysis process which may have had an influence on
the result.
All of the samples analyzed had a higher degree of water absorbance than the
plain card though in some cases the difference in the amount was small (Table 7,
Figure 6). This increase is generally expected; for example Han and Krochta (1999)
analyzing paperboard coated with alginate described the material as absorbing water
and swelling, with the amount of water absorbance increasing with the thickness of
the film. They concluded that WPI may work well as a binding agent and sizing
agent. What was clear, with visual inspection of the samples, was that while the
untreated card sample was somewhat deformed and damaged by the water contact,

136

and this was visible even when the card had re-dried, the coated samples returned to
their original state with no indication of water damage. It also appeared that the card
surface did not come in contact with the water during this soaking time – that the film
was holding the water away from the card surface. Further analysis of multiple
samples to determine if the absorbance of water is linear, and continues to increase,
would be useful, and would determine the point at which prolonged contact with
water results in a failure in the coating / card.
Results comparing coated samples were significant for all samples analyzed.
However the results appeared to be skewed by one set of outlying results. This
sample – containing CNa+, TBC and no added plasticizer, showed much higher water
absorbance than all the other samples, and the sample itself was seen to be warped
and deformed both during testing and once it redried. As this sample was at the upper
end of the results it was removed and the significance of difference recalculated for
the remaining samples to determine if there was significance among the other
samples.
When this was re-analyzed clay type was the only attribute which was not
significant, all other interactions were significant (P < 0.001). Again this result was
seen at the upper end of the scale – the sample with the higher water absorbance, no
sample was shown to have a significantly lower amount of water absorbance.
Greaseproof performance of coatings
Analysis of the greaseproofing performance (Table 8) showed a clear
difference between the coatings versus uncoated card. While uncoated card failed
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within 15 s of the start of test, many of the coated samples showed no signs of failure
at 1800 s, which is considered the test end point. The best resistance is seen with the
samples containing PEG 8000 and the additives AMG and TBC, and there was no
difference between clay types. Samples with no or low added plasticizer failed more
quickly, often as a result of crazing due to lack of flexibility where the rapid testing
material (turpentine) was clearly seen to move more rapidly through these cracks in
the surface. It is important, therefore, that improvements in moisture proofing and
WVTR are not obtained at the expense of reducing plasticizer addition to the point
where the material is no longer flexible enough to withstand the strains of expected
use for the product. A card material with a flexible coating would be well suited to
the requirements of transport of sandwiches, fries, fast food and other potentially
high-moisture, high-grease foods.
3.4 Conclusion
The results showed that whey protein and nanoclay based coatings for
paperboard added greaseproofing and waterproofing effects to the card. Where
sufficient plasticizer was added to keep the coating flexible this made a product
suitable for use for high grease foods, for example as a coating on fast food
containers. Some formulas were also shown to add resistance to water damage and to
water transmission rate compared to plain card. Water vapor transmission rate may be
further reduced by the addition of other combinations of waterproofing materials.
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3.6 Tables
Table 1 – Experimental design for coating formulas

A

No Additive

B

30% AMG

C

30% Wax

D

35% /
10.5%
TBC /
Lecithin

Type 1

Type 2

Type 3

Type 4

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No Plasticizer

1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+

1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+

1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+

1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+
1) C30B
2) Kaolin
3) CNa+

Factor 1 (Type) Plasticizer; Factor 2 (Letter) Waterproofing agent; Factor 3 Clay type
(Cloisite 30B (C30B), Kaolin, Cloisite Na+ (CNa+)). All samples also contained 25%
sorbitol, 0.5% defoamer, 2% potassium sorbate. All % calculated by percentage
protein.
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Table 2 – WVTR of different coating formulations (g/hm2).Chapter 3 - Table 7 – WVTR
WVTR
Clay

Additive

1 GPEG

2 POLY

3 PEG8000

4 CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No Plasticizer

C30B

None

8.36 ±0.84

6.22 ±0.80

6.45 ±0.61

8.02 ±1.30

K

None

9.97 ±1.39

10.56 ±0.37

8.85 ±2.40

8.00 ±0.89

CNa+

None

10.43 ±2.37

7.50 ±0.93

7.81 ±0.63

11.03 ±1.22

C30B

AMG

7.81 ±0.72

7.68 ±0.42

8.55 ±0.39

7.95 ±1.17

K

AMG

10.95 ±1.10

10.41 ±0.88

8.96 ±1.10

8.19 ±1.00

CNa+

AMG

10.83 ±2.43

7.51 ±0.81

12.84 ±1.83

11.09 ±1.38

C30B

WAX

7.18 ±0.83

7.74 ±0.23

8.13 ±1.01

8.07 ±1.29

K

WAX

10.96 ±0.71

10.70 ±1.49

9.33 ±0.94

8.23 ±0.77

CNa+

WAX

7.20 ±0.67

7.97 ±1.04

9.59 ±2.11

10.25 ±1.16

C30B

TBC

7.81 ±0.72

7.35 ±0.40

8.74 ±0.65

8.28 ±1.45

K

TBC

11.37 ±1.52

10.92 ±1.00

8.80 ±0.80

8.84 ±1.19

CNa+

TBC

10.69 ±2.26

7.42 ±1.17

12.63 ±1.71

11.82 ±1.52
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Table 3 - Tensile properties – Comparison of Load at break obtained for different
coating formulations (N)
LaB
Clay

Additi
ve

1 GPEG

2 POLY

3 PEG8000

4 CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No Plasticizer

C30B

None

334.18 ±85.75

362.58 ±14.94

308.50 ±74.29

344.87 ±13.32

K

None

332.10 ±60.53

334.01 ±100.46

366.62 ±5.41

316.43 ±85.40

CNa+

None

373.88 ±7.32

374.71 ±6.13

364.74 ±30.70

349.00 ±36.70

C30B

AMG

364.68 ±9.11

336.10 ±66.11

364.28 ±5.38

313.25 ±89.50

K

AMG

351.00 ±18.18

353.12 ±54.48

297.10 ±120.76

336.76 ±83.60

CNa+

AMG

371.20 ±5.49

328.71 ±114.72

340.92 ±7.74

315.46 ±111.98

C30B

WAX

335.65 ±34.34

343.27 ±17.88

327.29 ±60.29

349.07 ±6.67

K

WAX

323.39 ±107.74

355.89 ±44.88

344.49 ±34.05

332.93 ±82.74

CNa+

WAX

296.92 ±104.53

337.74 ±82.70

334.71 ±6.30

324.42 ±96.16

C30B

TBC

350.25 ±34.24

291.10 ±94.12

317.29 ±107.75

340.55 ±4.94

K

TBC

350.56 ±37.68

373.52 ±6.41

350.73 ±65.42

283.23 ±55.52

CNa+

TBC

342.80 ±41.11

372.21 ±9.16

333.02 ±6.53

273.36 ±117.98
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Table 4 – Tensile properties – Comparison of time at maximum load (s) for different
coating formulations
TaML
Clay

Additive

1 GPEG

2 POLY

3 PEG8000

4 CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No Plasticizer

C30B

None

10.60 ±2.99

12.93 ±8.25

10.50 ±5.96

8.93 ±0.94

K

None

8.79 ±0.70

9.39 ±0.78

10.22 ±2.45

13.44 ±7.82

CNa+

None

8.77 ±0.39

10.08 ±4.03

13.54 ±8.55

8.93 ±0.51

C30B

AMG

9.52 ±0.23

8.33 ±0.48

9.63 ±0.95

8.69 ±0.57

K

AMG

13.71 ±5.61

9.02 ±0.66

8.98 ±0.77

9.20 ±0.48

CNa+

AMG

8.82 ±0.38

8.64 ±0.83

9.41 ±0.42

9.45 ±0.61

C30B

WAX

8.99 ±0.99

9.09 ±0.89

9.37 ±0.56

9.99 ±3.58

K

WAX

9.98 ±2.30

9.63 ±0.73

8.59 ±1.26

13.78 ±8.17

CNa+

WAX

9.02 ±0.41

9.27 ±0.49

9.26 ±0.60

9.79 ±0.42

C30B

TBC

9.22 ±0.56

14.77 ±9.29

9.57 ±1.26

10.26 ±1.33

K

TBC

9.08 ±0.50

12.88 ±4.83

9.53 ±0.42

10.08 ±3.06

CNa+

TBC

8.39 ±1.17

8.96 ±0.31

9.89 ±0.66

9.27 ±0.60
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Table 5 - Tensile properties – Comparison of extension at break (mm) achieved by
different coating formulations
EaB

1 GPEG

2 POLY

3 PEG8000

4 CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No
Plasticizer

Clay

Additive

C30B

None

4.44 ±1.25

5.41 ±3.43

4.41 ±2.49

3.77 ±0.40

K

None

3.69 ±0.29

3.94 ±0.32

4.27 ±1.02

5.73 ±3.23

CNa+

None

3.68 ±0.16

4.22 ±1.68

5.66 ±3.57

3.74 ±0.20

C30B

AMG

3.99 ±0.09

3.51 ±0.21

4.02 ±0.41

3.63 ±0.22

K

AMG

5.73 ±2.33

3.78 ±0.29

3.78 ±0.32

3.86 ±0.20

CNa+

AMG

3.70 ±0.17

3.61 ±0.34

3.94 ±0.17

3.97 ±0.24

C30B

WAX

3.76 ±0.44

3.81 ±0.38

3.92 ±0.23

4.20 ±1.48

K

WAX

4.17 ±0.96

4.03 ±0.30

3.60 ±0.52

5.78 ±3.41

CNa+

WAX

3.78 ±0.17

3.88 ±0.19

3.88 ±0.25

4.09 ±0.18

C30B

TBC

3.88 ±0.23

6.18 ±3.87

4.01 ±0.54

4.31 ±0.57

K

TBC

3.81 ±0.20

5.39 ±2.02

4.27 ±0.63

4.22 ±1.29

CNa+

TBC

3.50 ±0.50

3.76 ±0.13

4.14 ±0.28

3.88 ±0.23
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Table 6 – Comparison of tensile stress at break (Standard) (Mpa)
TSaB
Clay

Additive

1 GPEG

2 POLY

3 PEG8000

4 CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No Plasticizer

C30B

None

25.09 ±6.45

27.16 ±1.32

22.69 ±5.45

24.37 ±6.53

K

None

24.74 ±4.69

24.97 ±7.52

27.48 ±0.36

26.78 ±3.05

CNa+

None

28.28 ±0.48

28.20 ±0.67

27.81 ±2.40

23.48 ±6.74

C30B

AMG

27.09 ±0.75

24.73 ±4.72

26.96 ±0.66

25.92 ±6.46

K

AMG

26.46 ±1.39

26.73 ±4.08

22.37 ±9.16

23.80 ±8.52

CNa+

AMG

27.93 ±0.63

25.03 ±8.74

24.95 ±1.13

26.06 ±0.59

C30B

WAX

24.49 ±2.83

24.97 ±1.31

24.36 ±4.46

25.18 ±6.25

K

WAX

23.87 ±7.99

26.74 ±3.55

25.71 ±2.71

24.77 ±7.30

CNa+

WAX

22.24 ±7.92

25.64 ±6.21

24.53 ±0.55

26.37 ±0.48

C30B

TBC

30.66 ±15.99

21.20 ±6.85

23.56 ±8.03

21.52 ±4.15

K

TBC

70.11 ±7.54

27.93 ±0.54

26.64 ±4.88

20.87 ±8.99

CNa+

TBC

26.10 ±3.12

28.24 ±0.85

25.29 ±0.63

26.58 ±1.04
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Table 7 - Cobb water absorbance test (g/m2) to determine the water resistance of
samples

Clay

C30B
K
CNa+
C30B
K
CNa+
C30B
K
CNa+
C30B
K
CNa+

Additive

None
None
None
AMG
AMG
AMG
WAX
WAX
WAX
TBC
TBC
TBC

1 GPEG

2 POLY

3 PEG8000

4 CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% PG

25% Glycerol
25% PEG8000

No Plasticizer

67.00 ±13.08

82.00 ±6.08

101.33 ±3.06

67.33 ±3.21

100.33 ±4.62

92.33 ±11.68

83.33 ±8.50

68.33 ±1.53

89.67 ±2.31

98.33 ±4.04

75.33 ±15.01

80.33 ±8.02

97.00 ±11.27

80.33 ±10.50

85.00 ±4.36

85.00 ±7.55

98.00 ±3.00

84.33 ±14.50

95.67 ±5.51

94.67 ±25.01

90.33 ±6.66

92.67 ±9.71

106.67 ±17.56

77.00 ±8.19

132.67 ±8.96

127.00 ±11.79

104.00 ±1.73

84.00 ±6.08

93.33 ±4.62

68.67 ±7.23

104.67 ±11.93

79.33 ±6.66

108.00 ±10.54

91.67 ±8.02

112.67 ±9.50

241.7 ±7.37

84.33 ±3.79

100.67 ±6.66

93.00 ±3.61

70.67 ±5.51

84.00 ±1.00

76.67 ±2.52

108.33 ±9.02

94.00 ±12.49

83.00 ±4.36

94.00 ±16.64

100.33 ±5.77

79.67 ±2.31
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Table 8 – Comparison of greaseproof performance of coated samples

Clay

Additi
ve

C30B

None
None
None
AMG
AMG
AMG
WAX
WAX
WAX
TBC
TBC
TBC

K
CNa+
C30B
K
CNa+
C30B
K
CNa+
C30B
K

1 GPEG

2 POLY

3 PEG8000

4
CONTROL

25% Glycerol
25% PEG400

15% Glycerol
25% PEG400
10% Polyglycerol

25% Glycerol
25% PEG8000

No
Plasticizer

1800

*

1800

*

142

1800

1800

*

1800

1027

43

16

194

595.5

1800

1800

234

1800

410

225

288.5

1800

130

1800

1800

1800

0

1800

225

180

1015

1800

*

1800

1800

1800

*

1800

*

303
*

424
150

*

*

187

86

905

1132

1800

120
*

315
957

CNa+
107
112
1800
500
All time in s * indicates no appearance of color on the underside of card. Figures in bold show max
useful test time (1800 s). Figures underlined/in italics had crazed surface.
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Table 9 - Statistical significances of variables and their interactions

Dependent Variable
Source
Clay (C)
Additive (A)
Clay*Additive
Plasticizer (P)
Clay*Plasticizer
Additive*Plasticizer
C*A*P
C*A*P

DF
2
3
6
3
6
9
18
17*

WVTR

Load at
Break

Time at
maximum
load

Ext at
break

Tensile
Stress at
Break

Cobb
(120 s)

Pr > F

Pr > F

Pr > F

Pr > F

Pr > F

Pr > F

< 0.0001

NS

NS

< 0.05

NS

NS

< 0.01

NS

NS

NS

NS

< 0.0001

NS

NS

NS

NS

NS

< 0.0001

< 0.01

< 0.05

NS

NS

NS

< 0.0001

< 0.0001

NS

< 0.01

< 0.01

NS

< 0.001

< 0.05

NS

< 0.001

< 0.001

NS

< 0.0001

NS

NS

< 0.05

< 0.05
NS

< 0.0001

*One outlier result has been removed in each case from both tensile strength at break
and from Cobb120 results
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3.7 Figures

Nanoclays
Closite (C),
Kaolin (K),
Na+ (all at 5%)

Nanoclay
Sorbitol
200 ml water

Standard Additives:
Defoamer
Potassium sorbate

Homogenize

Variable - Plasticizer:
1GPEG (25% GLY, 25% PEG 400)
2POLY (15% GLY, 25% PEG400,
10% PG),
3 PEG8000 (25% GLY, 25%
PEG8000)
4 Control (No Plasticizer)
Variable – Waterproofing:
None,
AMG (30% AMG),
WAX (30%),
TBC(35%, 10.5% Soy Lecithin)

WPI

WPI
solution
(pH 7 / 85
0

C)

Distilled
water

PWP

Place preweighed card face
down on solution lift and
drain excess

Ultrasonic
60 m / 50% amp
30s/5s

Mix for 15 minutes

Ultrasonic treatment
5 m / 50% amp
30s/5s

Weigh coated
card
immediately
(wet weight)

Place on flat
surface and
weight edges
to keep flat
(24 h)

Homogenize

Sonic bath for 60 m
Allow remainder
to dry

Weigh
(Dry weight)
Place onto Teflon
sheet

Chapter 3 -

Figure 1 – Process flow chart for production of coated card samples
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Analysis
Tensile Test
WVTR
Cobb
Greaseproof
Weight
Thickness

Figure 2 – Films produced from coating solutions.
Flexible material (free film) () versus materials too brittle to manipulate ().
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2.50

Card Weight (g)

2.00
1.50
1.00
0.50

0.00
0.510

0.520

0.530

0.540

0.550

0.560

0.570

Card thickness (mm)
Figure 3 - Comparison of weight (g) versus thickness of sample (mm).
Comparison of means of interaction Clay-additive-plasticizer results for sample
thickness and card weight between samples. Graphs show from top left comparison of
plasticizer results for each additive: AMG, no additive, TBC, wax.
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Figure 4 - Comparison of means of interaction - clay-additive-plasticizer results for
WVTR.
Graphs show from top left comparison of plasticizer results for each additive: AMG,
no additive, TBC, wax.
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Figure 5 – Instron analysis - comparison of means of interaction Clay-additiveplasticizer results.
From top left: load at break (N), time at maximum load (s), extension at break
between samples, tensile stress at break (mPa). Each graph shows (from top left)
comparison of plasticizer results for each additive: AMG, no additive, TBC, wax.
(Note that for tensile stress at break sample Kaolin-Wax-GPEG sample (lower right
corner) has been removed, this was originally analyzed with an incorrect setting)
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Figure 6 - Comparison of means of interaction Clay-additive-plasticizer Cobb results
at 120 s.
Graphs show from top left comparison of plasticizer results for each additive: AMG,
no additive, TBC, wax.
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Figure 7 - Comparison of means of interaction Clay-additive-plasticizer results for %
moisture content.
Graphs show from top left comparison of plasticizer results for each additive: AMG,
no additive, TBC, wax.
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ABSTRACT
Drinkable yogurt is a popular beverage in the US and there may be a niche for
carbonated drinkable yogurt in the functional foods market. Pomegranate (P) and
vanilla (V) yogurt beverages were formulated, containing inulin as a prebiotic, along
with probiotic bacteria L. acidophilus and Bifidobacterium, to produce symbiotic
products. These beverages were stabilized with high methoxyl (HM) pectin and whey
protein concentrate (WPC) and compared to samples with approximately 2 volumes
of added carbon dioxide (CO2). Samples were stored in sealed glass bottles at 4 °C
for 9 weeks for evaluation of physicochemical and functional properties. Trials were
carried out in triplicate and three replicates from each trial were analyzed.
Physicochemical attributes were analyzed using standard AOAC methods.
Survivability of the probiotics and changes in pH and viscosity were measured
weekly. Chemical composition of the carbonated beverages was: protein: 1.58 ±
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0.05%, 1.59 ± 0.06%, fat: 1.24 ± 0.2%, 1.18 ± 0.11%, total solids: 14.78 ± 0.11%,
14.93 ± 0.05%, ash: 0.49 ± 0.02%, 0.46 ± 0.03%, carbohydrate (by difference): 11.47
± 0.12%, 11.69 ± 0.14% for P and V, respectively. Both L. acidophilus and
Bifidobacterium were stable and remained above 106 CFU/g for both flavors of
beverage both with and without carbonation. The new manufacturing technology for
these prototypes may have potential for commercialization of symbiotic carbonated
milk-based beverages.
4.1 Introduction
Yogurts and drinkable yogurt-type products are popular with consumers,
cultured dairy products have nutraceutical health attributes and are easily formulated
to incorporate compatible probiotic bacteria with prebiotics, making these fermented
dairy products symbiotic.
Probiotics are ‘live microorganisms which, when administered in adequate
amounts, confer a health benefit on the host’ (FAO/WHO 2001). They are a desirable
natural tool to maintain the healthy balance of the human intestinal microflora playing
an important role in resistance to pathogen colonization in the intestinal, respiratory,
and urogenital tracts. Lactic acid bacteria (LAB), act as immunomodulators by
stimulating an immune response and help resistance to infection (Guo 2009;
Perdigón and others 2001). They possess anticarcinogenic properties (Commane and
others 2005) and have been found to be involved in cholesterol and lactose
metabolism, absorption of calcium, and synthesis of certain vitamins (Gibson and
others 1997; Hatakka and Saxelin 2008). In general it is considered that minimum
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levels for these LAB in yogurt would be 106 viable cells per mL (or g) of product, in
order to produce the probiotic therapeutic benefits (Sarkar 2008; Lourens-Hattingh
and Viljoen 2001).
Prebiotics ‘selectively stimulat[e] the growth, and/or activity of, one or a
limited number of bacteria in the colon, thus improving host health’ (Gibson and
Roberfroid 1995; Kolida and Gibson 2008 ). In this product inulin is added to act in
symbiosis with the Bifidobacteria both in the drinkable yogurt and in the intestine,
enhancing their functional benefits (Macfarlane and others 2008).
An issue pertaining to probiotics in foodstuffs has been the rapid decline of
some strains (particularly some L. acidophilus strains) over the shelf-life of the
product. Many factors may affect the viability of probiotic bacteria in yogurt, such as
acidity, production of hydrogen peroxide by lactobacilli, oxygen content, ingredient
variations, mutual antagonism between cultures (Dave and Shah 1997) and the time
and temperature of holding during manufacture, transport and storage of the product
(Mattila-Sandholm and others 2002). Modification of the atmosphere of the product,
as with the addition of CO2, may have an impact on the survival of the bacteria,
particularly the microaerophilic and anaerobic types.
Carbon dioxide has many functions in food preparation; it is the product of
fermentation by yeast which causes the rise in bread dough, and the bubbles in beer.
While, apart from carbonated beverages, CO2 is not commonly added to foodstuffs its
addition has been found to extend the lag phase of spoilage microorganisms, and it is
thought to have possibly both inhibitory and stimulatory effects on bacteria
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depending factors such as the type of product and microorganism (Gün and Isikli
2007). As CO2 does not particularly affect the logarithmic phase of reproduction it is
not likely to have a suppressing effect on the starter cultures or probiotic bacteria
(King and Mabbitt 1982) in a product of this sort.
The displacement of oxygen and acidification of cells are possible
mechanisms for the process of suppressing certain microorganisms (Karagül-Yüceer
and others 2001), however these do not account for all CO2 effects. Experimental
work has shown that returning oxygen to a product (milk) after carbonation did not
prevent the inhibitory effect of the CO2 (King and Mabbitt 1982). Though
acidification of the product may be a factor, experimental work has also shown that
CO2 has an inhibitory effect more pronounced than a comparable sample material
acidified with hydrochloric acid (King and Mabbitt 1982). The effect specifically
caused by CO2 appears to be a direct effect on the metabolism of microorganisms,
however, the mechanism is not well defined as yet (Hotchkiss and others 2006).
Pomegranate, a fruit native to the middle-east, contains a rare conjugated
linoleic acid (punicic acid) and soluble polyphenols and tannins (Aviram and
Dornfeld 2001).
Pomegranate tannins have been shown to have a suppressing effect on certain
intestinal pathogenic species (Bialonska and others 2009) while likely not having a
significant effect on the survival of probiotic bacteria such as L. acidophilus and
Bifidobacterium. Addition of this fresh juice would therefore seem to be
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advantageous to the product while simultaneously supporting the survival and
proliferation of LAB in the intestine.
The objectives of this study aimed to develop a carbonated drinkable yogurt
flavored with vanilla (control) or pomegranate concentrate and containing adequate
levels of probiotics and prebiotics, and to analyze quality characteristics including
chemical composition and stability of the products and the viability of the probiotics
during storage. Sensory properties of the products in comparison to similar
commercial products were also assessed.
4.2 Materials and Methods
A yogurt base consisted of 95.1 % whole milk (local market), 1.12% WPC
(WPC80; NZMP, Auckland, New Zealand) and 3.3% inulin (Beneo (Orafti),
Belgium) combined and heated at 75 °C for 3 mins and cooled to approximately 48
°C. A starter culture (ABY-10) consisting of Lactobacillus acidophilus,
Bifidobacterium spp. Streptococcus thermophilus and Lactobacillus delbrueckii,
subsp. bulgaricus, (Chr. Hansen, Milwaukee, Wis., U.S.A.) was added (0.048%) and
incubated at 43 °C to pH 4.3.
The yogurt base was combined with a syrup consisting of 0.5 % HMP (JMJ,
Genu, CP Kelco, Hamburg, Germany) and 8.01 % (V) / 6.60 % (P) sugar (local
market), heated to 85 °C and cooled to approximately 48 °C. Ingredients for both
products were as follows: 0.08 % vanilla extract (V&P) (Cooks Flavoring Co.,
Tacoma, Wyo. U.S.A.), 0.10 % (V & P) potassium sorbate (Acros Organics,
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Pittsburgh, Pa. U.S.A.), 0.17 % (V & P) calcium carbonate and 0.27 % (V) / 0.20 (P)
citric acid (anhydrous, USP, Fisher Scientific, Pittsburgh, Pa. U.S.A) were added.
For the pomegranate product only, 2.20 % pomegranate concentrate
(FruitFast, Eastport, MI U.S.A.), 0.33 % flavor (Faerie's Finest, Ca. U.S.A) and 0.11
% beet extract (Pacific Coast Fruit Products Ltd., B.C. Canada) were also added. The
process flow is shown in Figure 1.
Preparation of carbonated and uncarbonated beverages
The syrup and yogurt bases were combined and each product was
homogenized. Half of each batch was placed in 125 ml bottles, sealed with crimped
caps and stored at 4 °C. The remaining product for each batch was cooled to 2 °C to
improve the carbonation efficiency and carbonated in a pilot plant unit (Series 9000,
Zahm and Nagel Co., Inc. Holland, New York, U.S.A.) held in iced water. Pressure
during carbonation was maintained at 30 Psi for 2 h. Product was bottled and sealed
in sterilized bottles under pressure. Internal CO2 pressure was analyzed (Series 6000
D.T. Piercing Device, Zahm and Nagel Co., Inc. Holland, New York, U.S.A.) at the
start and end of the storage time for the carbonated products only and measured in
psi. A CO2 pressure chart (Zahm and Nagel 2013) was used to determine a value in
volumes of CO2 (1 volume of CO2 = 1.969 grams per liter). Trials were carried over
three consecutive weeks (three trials) and analyzed over a 9 week shelf life.
Chemical analyses
Samples were analyzed for chemical composition (total solids, protein, fat,
carbohydrate and ash) using standard AOAC procedures (Horwitz 2005). All values
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reported are the mean of 3 measurements. Viscosity (Brookefield viscometer,
Brookefield Engineering Laboratories, Inc., Middleboro, Mass., U.S.A.) and pH (pH
meter, HACH, Loveland, Colo., U.S.A.) were recorded weekly. The samples for
viscosity were placed in a 200 ml beaker and measurements were carried out for 30 s
at 100 rpm and at 21 ± 2 °C, results expressed in mPa.
Probiotic culture enumeration
Samples were analyzed on day 1 and then weekly for 9 weeks for enumeration
of probiotics. Three samples were withdrawn for each of the 4 product types and each
of the 3 trials. Lactobacilli MRS Agar (Difco # 288210, Difco, BD, New Jersey,
U.S.A.) was used with added clindamycin (0.05%) for L. acidophilus selection, and
dicloxacillin (0.5 %), lithium chloride (1 %), and L-cysteine hydrochloride (0.5 %),
for Bifidobacterium selection. Pour plate method was used for both types and they
were incubated under anaerobic conditions at 37 °C for three days. For L.
acidophilus, all colonies were counted; for Bifidobacterium large colonies only were
counted (Chr. Hansen 2007b; Chr. Hansen 2007a).
Yeast, mold and coliform counts
The products were tested monthly using Yeast and Mold Petrifilm™ (3M
Petrifilm™, St. Paul, Minn., U.S.A.) incubated at 21 °C and Coliform Petrifilm™
incubated at 37 °C.
Organoleptic evaluation
A consumer panel of 23 students (undergraduate sensory analysis class), was
used for the organoleptic evaluation. Each panelist was served a sample of the vanilla
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products and two similar commercial products (a drinkable yogurt and a kefir) for
comparison, with a volume of 25 mL in every container (white paper cups). The
serving was at room temperature. The pomegranate samples were then served under
the same conditions, again with two similar commercial products. The 4 samples in
each group were each coded with 3 digits and randomly presented to panelists at the
same time for the ranking test. Panelists were asked to rank the product on a hedonic
scale of 1 to 9 with 1 being ‘dislike extremely’ and 9 being ‘like extremely’ for each
of the attributes assessed (flavor, texture and overall acceptability). Panelists were
also encouraged to explain what they liked or disliked about each sample and also to
say which was their favorite and least favorite sample including a brief explanation.
Statistical analysis
For physicochemical and probiotic bacteria the samples were analyzed using a
two-way repeated measures ANOVA (P < 0.05 was considered significant).
Statistical analyses of differences between sample types was determined. Formulation
type (overall difference between the formulations); week (difference between the
results for each attribute) and interaction (difference in the rate of change between
types) were all analyzed.
For the organoleptic results the hedonic scales were analyzed using a paired ttest, using a 1-way repeated measures analysis of variance (ANOVA) followed by a
Hotellings T-squared test to analyze the difference between the means of the
populations in these multivariate models, P < 0.05 was regarded as significant. The
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descriptive data were combined and the usage as ‘positive’ descriptors and ‘negative’
descriptors was determined.
4.3 Results and Discussion
Physicochemical properties of the beverages
The chemical composition of the carbonated drinkable yogurt products is
shown in Table 1. Fat content was low - ranging from 1.24 to 1.18%. Protein content
was around 1.6% in each case – around 40% of the protein content of standard milk.
Overall the drinkable yogurts have a good fat-to-protein balance making them a good
quality food product.
The pH of the products stayed at around 4 throughout the shelf life of the
products Figure 2 with an overall drop of approximately 0.2 pH points. There was no
significant (P < 0.05) difference in pH between the carbonated and non-carbonated
products in each set. This is likely due to the buffering capacity of the proteinenriched milk as in an aqueous medium CO2 forms carbonic acid and liberates H+
which would be expected to increase acidity (Martini and others 1987) .
Probiotic Survivability
The survival, and so availability for use by the body, of probiotics over the
shelf life of the product was assessed. The product contained initial levels above 108
CFU/g (the US recommends 106 CFU/g and the EU and Canadian food safety
institutions recommend similar levels) of both of the added probiotics. A symbiotic
environment was produced by the addition of inulin, a natural prebiotic and dietary
fiber.
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The probiotics – L acidophilus and Bifidobacterium showed good survival
over the storage life (9 weeks) with the Bifidobacterium initial count of between 8.5
to 9 log CFU/g falling to 6.5 - 7.5 Log CFU/g so that at the end of shelf life, for each
product, a 100ml serving would still supply a minimum of 108 CFU of
Bifidobacterium Figure 3. A similar result was to be seen in the L. acidophilus results
where an initial count of 8 - 8.5 log CFU/g was achieved falling to 6.5 - 7.5 log
CFU/g by week 9 Figure 4. The results indicated that this type of product is a stable
environment and would be ideal for supplying the required levels of probiotics. There
was no significant difference in survival rates between the products for each product
type for either bacterial type. Overall results are shown in Table 2.
Statistically no significant difference was found between any of the treatments
in survival of Bifidobacterium or L. acidophilus, or in pH and viscosity. When the
treatment versus week is calculated then there is no difference each week for each
treatment Table 3.
Effects of CO2 levels on probiotic survivability
The limitation of CO2 addition depended partially on its appeal to the
consumer but principally on the low maximum volume of CO2 which could be
introduced into the product due to its viscosity. A carbonation level of "2 volumes"
indicates that every cubic unit of volume has 2 cubic inches of CO2 dissolved into it.
The carbonation in the yogurt drink was found to be approximately 1.9 volumes CO2,
this compares to the level of carbonation found in beverages such as stout, barley
wine and bitter (Hance 2009).
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The results showed that there was no significant difference in bacterial
survival rate between the carbonated and non-carbonated samples in each type of
product indicating that the CO2 did not have a significant effect on the survival of the
probiotics. While it was not expected that CO2 would have a negative effect on
probiotic survival rate, positive benefits due to a change in atmosphere and pH have
previously been found. CO2 is thought to have several different functions with regard
to its positive or negative influence on specific strains of bacteria – having a
bacteriostatic effect on some and a stimulatory effect on others. It acts in various
ways - displacement of oxygen, alteration of the pH of the cell interior and
interference with cellular enzymes (Singh and others 2012). Lactobacilli are
microaerophilic or anaerobic and are very resistant to CO2 with the ability to survive
and grow in 100% CO2 (Shaw and Nicol 1969) and so the displacement of oxygen in
the product may have an effect of improving the survivability of these bacteria. CO2
has its major effect in the lag phase of bacterial growth (Singh and others 2012) so
since the carbonation occurred into the stationary phase this may have reduced its
influence on the probiotics.
L. Acidophilus often shows dramatic loss during fermentation and storage
principally due to the increasing level of hydrogen peroxide that L. delbrueckii ssp
bulgaricus produces in the presence of oxygen. Thus the displacement of oxygen by
CO2 could allow for lower production of hydrogen peroxide and so increase survival
of L. acidophilus.
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It is important to remember that this is not the most limiting benefit factor
CO2 has. Lowering of the pH can also have an effect. CO2 produces carbonic acid in
the aqueous phase of the food and it is thought that this may alter the intracellular pH
and so interfere with bacterial enzyme activities (Singh and others 2012). The
buffering effect of the milk at lower pH may have interfered with this process and
prevented the undissociated form of the carbonic acid from being absorbed into cells,
thus showing a lack of differentiation between carbonated and non-carbonated
samples.
Overall it appears that the storage conditions of the non-carbonated product
may not have been conducive to determining the potential functionality of the CO2.
Since the non-carbonated products had a small headspace and were sealed it is
possible that oxygen levels were low in these samples also. Further the bacterial
suppression in the raw materials (heating process) before addition of the starter
cultures may have resulted in such a predominance of bacteria which are resistant to
the effects of CO2 over spoilage organisms, which are not, that no significant
difference was detectable.
The palatability of the product must also be taken into account. While higher
levels of carbonation may have resulted in more significant changes in pH, or of
bacterial growth, it has been noted that voluntary fluid intake of beverages
(nutritional sports drinks) decreased at levels above 2.3 volumes of CO2 (Passe and
others 1997) thus reducing the practical usefulness of such a product as a drink.
While the sample products had a CO2 level of around 1.9 volumes this is still higher
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than consumers may be comfortable with. In organoleptic analysis of the product it
was clear that the carbonation of this product had negative effects on the consumers
perception of the product, an issue that was not seen with the somewhat effervescent
kefir product. This may indicate that, regardless of any potential benefits of the CO2,
the product was too carbonated for the consumers’ tastes.
Pomegranate juice contains significant amounts of ellagitannins and
punicalagins (Bialonska and others 2009). Once these are consumed they can remain
in the colon for extended periods allowing for biological interactions between tannins
and colonic bacteria and selectively inhibiting the growth of intestinal pathogens
(Bialonska and others 2009) such as Clostridium species and S. aureus while not
reducing levels of Lactobacilli and Bifidobacteria. Pomegranate juice is more
effective than purified extracts (Seeram and others 2005).
In this product there was no significant difference in survival between
probiotic bacteria in the products with pomegranate concentrate and without
indicating that the L. acidophilus and Bifidobacterium were not affected by the
presence of tannins and that they remained unaffected for the duration of the 9 weeks.
Intrinsic stability of the beverages
These yogurt drinks, while considered comparatively high viscosity when
considering CO2 addition, are low viscosity relative to yogurt. The viscosity readings
of these drinkable yogurts ranged from 19 mPa down to 14 mPa over the storage
time. In comparison whole milk at 4 °C has a viscosity of 3.75 mPa, and, within the
range of commercial sports drinks on the market, viscosity was found to be between
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3.1-1.4 mPa (Milosevic 1997). The samples showed a reduction of around 2 mPa for
each type, resulting in a 6 -18% drop by the end of the storage time (Figure 5) which
was statistically significant however there was no significant variation in viscosity
between samples.
A drop in viscosity may imply insufficient stability of a drink, affecting the
quality from a marketing point of view. The stability depends on milk solids content,
size and surface area of casein particles and fat globules, pH and ionic strength of the
drink and mechanical and thermal treatment during manufacture. Stabilizers help
alleviate these issues by acting as thickening agents and increasing water-binding
capacity (Liu and others 2006).
The principal stabilizer used in this product was high-methoxyl (HM) pectin
which consists of 1,4-linked alpha-D-galacturonic acid subunits with more than 50%
methanol-esterification at these subunits (Vaclavik and Christian 2008). In a product
such as a yogurt drink HM pectin is added to the milk product at higher pH followed
by product acidification, resulting in a gel that is maintained at low pH values. When
gelled with sugar and acid, as in the case of these yogurt drinks, the side chains
become protonated and the sugar molecules cause dehydration of the structure,
resulting in junction zones and forming a gel (Vaclavik and Christian 2008).
The pectin addition can also improve mouth-feel by reducing ‘sandiness’.
When the pH of a milk product decreases the negatively charged casein molecules
become less charged and repel each other less, this allows aggregation giving the
product a sandy texture. HM pectins act by adsorption of negatively charged pectin
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onto the surface of the casein particles reducing their ability to aggregate at pHs
between 4.5 and 3.2 (this does not work effectively outside of this pH range).
Therefore HM pectin’s functionality is particularly suited to fermented milk based
products within this range (Thibault and Ralet 2007).
The quality and stability of these yogurt drinks was evaluated by the degree of
separation and changes in viscosity over time. Early trials without the HM pectin
stabilizer showed the product separate into sedimented milk proteins and a liquid
upper section. In this study the stability of the yogurt drinks was visually observed for
9 weeks. One set of bottled and sealed samples were held undisturbed at 4°C for the
extent of the trial time. Phase separation of the yogurt drinks was photographed after
day 7 of each week and the degree of separation at final inspection is shown in Figure
6. No phase separation was noted, indicating the effectiveness of the stabilizer.
Organoleptic properties of the carbonated beverages
Carbonated drinks make up a large portion of the drinks consumed in the US
and the popularity of these drinks seems to be at least partly based on enjoyment of
the sensation of carbonation. However milk-based carbonated drinks have never
become popular, perhaps due to conservatism on the part of consumers. From the
product consumption results Figure 7 it is clear that effervescent yogurt drinks were
not a common foodstuff among the participants in the panel, yogurt drinks in general
also were recorded as never being drunk in the majority of cases. As recently as 2006
the difficulty of obtaining consumption numbers for fermented drinks and kefir in
particular in the general population in the US has been acknowledged (Farnworth
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2006). We must assume, therefore, that fermented dairy drinks do not make up a
significant volume of the dairy products consumed in the US.
An organoleptic panel was designed to determine the acceptability of this
product. The panellists were invited to choose their favorite and least favorite sample
from four samples presented in each group (see Table 4). For pomegranate, while the
carbonated pomegranate sample was the least favorite (8.7% favourite, 56.5% least
favorite) the non-carbonated product fared better having the most favorite votes
(34.0%) of the panelists but also having the second highest least favorite vote (21.7%)
and also coming third in overall acceptability, thus there was no clear favorite among
the pomegranate samples.
For vanilla, panelists selected the commercial samples as their favorite in
about equal numbers. The carbonated vanilla sample was graded as the least favorite
by a majority of panelists. The commercial product led in the category of overall
acceptability and flavour, and vanilla kefir was recorded as having the best texture.
Statistically for the means of the populations in the models (Hotellings Tsquared test) analysis of the pomegranate product showed only texture to be
significant while for vanilla both overall acceptability and texture was significant
(Table 4). All possible pairs were analyzed using a paired t-test. When compared to
similar products on the market in each case the commercial were preferred over trial
samples.
Consumers’ opinions of the drinks showed that they considered their flavor to
be positive attributes for the yogurt drinks (both sample and commercial). For the
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vanilla samples the kefir had the most positive attributes, specifically its thickness
and creaminess and for the vanilla carbonated product its carbonation was also
mentioned as a positive attribute Figure 8.
In the negative attribute assessment the carbonation was most noted for both
carbonated drink flavors. Interestingly the effervescence of the kefir caused almost no
comment so it is possible that a reduction in the amount of carbonation in the sample
drinks may result in a more positive consumer response.
4.5 Conclusions
The results showed that both carbonated and non-carbonated yogurt beverages
retained therapeutic level of probiotics for 9 weeks at normal refrigerated
temperature. There was no significant difference in probiotic survival rate between
carbonated and non-carbonated products. The new products were stable and well
accepted by the taste panel. Organoleptic evaluation showed no difference in
acceptability between the samples and commercial products for pomegranate flavor.
However, for vanilla the commercial products were preferred to the trial products.
Panelists commented negatively on the carbonation for both flavors; however the
principal positive attribute was also carbonation indicating perhaps that it is an
acquired taste or one for which there is a niche market.
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Table 8- Chemical composition of the beverages (%).
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Table 1- Chemical composition of the beverages (%).
Pomegranate

Vanilla

Ash

0.49 ± 0.02

0.46 ± 0.03

Fat

1.24 ± 0.20

1.18 ± 0.11

Total Solids

14.78 ± 0.11

14.93 ± 0.05

Protein

1.58 ± 0.05

1.59 ± 0.06

Carbohydrate (by difference)

11.47 ± 0.12

11.69 ± 0.14

Table 2 - Probiotic population, pH and viscosity changes between initial (0) and final
(9) week.
Vanilla
L acidophilus
(Log CFU/g)
Bifidobacterium
(Log CFU/g)
pH
Viscosity
(MPa.)

Initial
Final
Initial
Final
Initial
Final
Initial
Final

7.97 ± 0.48
7.06 ± 0.45
8.59 ± 0.47
7.82 ± 0.68
4.09 ± 0.11
3.95 ± 0.02
16.83 ± 0.55
14.03 ± 0.57

Vanilla
+ CO2
7.96 ± 0.62
7.13 ± 0.27
8.54 ± 0.62
7.27 ± 0.76
4.09 ± 0.06
4.02 ± 0.03
17.27 ± 1.36
14.93 ± 1.25
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Pomegranate
8.01 ± 0.44
6.78 ± 0.65
8.67 ± 0.45
7.66 ± 0.68
4.08 ± 0.02
3.98 ± 0.04
16.73 ± 1.82
15.43 ± 1.00

Pomegranate
+ CO2
8.09 ± 0.44
7.09 ± 0.42
8.77 ± 0.47
7.93 ± 0.70
4.09 ± 0.06
4.03 ± 0.05
17.23 ± 1.66
15.77 ± 0.35
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Table 3- Statistical analysis of probiotic survivability.
Levels

Class
Treatment
Trial
Week

Source
Trial
Treatment
Week
Treatment by
week

4
3
9

Class Level Information
Values
Vanilla, Vanilla + CO2, Pomegranate, Pomegranate + CO2
T1 T2 T3
0 1 2 3 4 5 6 7 8 9 (10 sampling points)

DF
2
3
9

Bifidobacterium
Pr > F
0.0006
0.3206
<0.0001

L. Acidophilus
Pr > F
0.0021
0.0675
<0.0001

pH
Pr > F
0.1191
0.5472
0.0005

Viscosity
Pr > F
0.0058
0.185
0.0407

27

0.9756

0.9996

0.9993

0.9915
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Table 4 - Results of organoleptic trial.
(i)
Flavor

Type

F(%)

LF(%)

Overall

Texture*

Flavor*

Acceptability*
Pomegranate

Non – CO2 product

34.8

21.7

4.48 ± 2.042

4.04 ± 1.894a

4.74 ± 1.864

+ CO2

8.7

56.5

3.30 ± 2.032

3.09 ± 1.832a

3.78 ± 2.275

Commercial yogurt

26.1

8.7

4.87 ± 1.517

4.39 ±

5.09 ± 1.881

1.530a,b

drink

Vanilla

Commercial kefir

30.4

13.0

4.57 ± 2.150

5.61 ± 2.350b

4.17 ± 1.875

Non – CO2 product

8.7

13.0

3.96± 2.205a

3.39± 1.777a

4.04 ± 2.306

+ CO2

-

65.2

3.17± 1.969a

3.48± 2.213a

3.87 ± 2.138

Commercial yogurt

47.8

8.7

5.65± 1.968b

5.30± 1.820b

5.83 ± 2.188

43.5

13.0

5.57± 2.253b

6.43± 1.779b

5.04 ± 2.325

drink
Commercial kefir

*(N = 23) F= favorite, LF = least favorite.
Letters shared indicate no significant difference between types for each attribute within flavor
group.

(ii)

Hollings T-Squared test paired samples ttest

Overall
Acceptability

Texture

Flavor

Pomegranate

0.103

0.005

0.193

Vanilla

0.007

0.001

0.115

Result in bold where significant (P
< 0.05)
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4.7 Figures

Figure 1 - Process flowchart for carbonated yogurt beverages.
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Figure 2 - Changes in pH of carbonated and non-carbonated symbiotic beverages over
9 weeks.
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Figure 3 - Survivability of Bifidobacterium in carbonated and non-carbonated
symbiotic beverages over 9 weeks.
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Figure 4 - Survivability of L. acidophilus in carbonated and non-carbonated symbiotic
beverages over 9 weeks.
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Figure 5 - Changes in viscosity of carbonated and non-carbonated symbiotic
beverages over 9 weeks.

184

Figure 6 - Visual appearance of carbonated and non-carbonated symbiotic beverages
after 9 weeks storage (from left to right Vanilla, Pomegranate, Vanilla + CO2,
Pomegranate + CO2)

CO2, Pomegranate + CO2)
100
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Never

60

Daily

40

Weekly

20

Monthly
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0
Yogurt

Drinkable
Yogurt

Kefir

Probiotic

Figure 7 - Regularity of consumption of selected fermented dairy products and
probiotics (% of panelists).
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Figure 8- Positive and negative descriptors of each of the beverages (Pt 1 and 2).
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Figure 21 - Positive and negative descriptors of each of the beverages (Pt 1 and

2).
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Figure 8 - Positive and negative descriptors of each of the beverages (pt 2).
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